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Scope
It is fascinating that the embryonic heart is the first organ to function during embryonic 
development. In human, the embryonic heart starts to beat 20 days after conception, 
when the embryo is only 2 mm long. At this stage, the heart is a small tube, with slow 
peristaltic contractions. These contractions start at the inflow of the heart, thereby 
directing blood towards the outflow tract and into the body. During further development, 
the embryonic heart tube transforms into the mature four chambered heart characteristic 

Abbreviations: avc indicates atrioventricular (AV) canal; A-VJ’CT, AV junction (=AV canal); ift, inflow 
tract; L/R .ATR, left/right atrium, l/r a, left/right atrium; l/r v, left/right ventricle; oft, outflow tract; 
T.A., truncus arteriosus (=oft). 
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for mammals. This process is complex, as the heart has to maintain its pump function 
during the structural transformation. The complexity is underscored by a high incidence 
of congenital heart defects both at birth and as a cause of intrauterine death. 

The processes of elongation, looping, ballooning and septation, that are at the basis of 
the transformation of the embryonic heart tube into a complex four chambered heart are 
discussed in detail in chapter 1 and 2. The figure above shows 4 pictures that beautifully 
depict an embryonic heart that is halfway its transformation from a tube into a four 
chambered heart. The primary heart tube is depicted in grey in the upper left panel. In 
the upper right panel, the shape of the tube is still clearly distinguishable. Just before this 
stage of development, the heart tube starts to grow rapidly at specific locations, thereby 
ballooning out (blue myocardium in upper left panel). These ‘ballooning’ regions have 
initiated a chamber myocardium gene program and grow rapidly. They will become the 
atrial and ventricular chambers. The regions in between these ballooning regions remain 
primitive and proliferate slowly (grey myocardium). The photos in the lower panels are 
taken from human embryonic hearts at 40 days after conception. 

Key components of the cardiac conduction system (sinus node, atrioventricular (AV) 
node and His bundle) are formed within the grey regions of primitive myocardium. 
The cardiac conduction system is used to refer to the structures in the heart that are 
responsible for the initiation and proper conduction of the cardiac impulse to orchestrate 
simultaneous contractions of the atria, and after a short pause, the ventricles. Although 
the term ‘conduction system’ is insufficient to represent all the above mentioned 
components, this term will be used throughout the thesis. The term does not encompass 
pacemaker function, and conduction is also an important characteristic of the atrial and 
ventricular myocardium. This issue will be discussed in the summary in more detail. 

This thesis will explore the developmental and molecular mechanisms that underlie 
conduction system development, with particular interest in transcriptional repressor 
Tbx3. By studying Tbx3, we have gained insight into conduction system development 
and maintenance. Detailed knowledge of the conduction system in the developing, the 
mature and the diseased heart is required to understand function and dysfunction of 
conduction system components. Detailed understanding might subsequently result 
in new insights for risk stratification of arrhythmias and new therapies to repair or 
regenerate the conduction system. 

In chapter 3, the role of Tbx3 in the formation of the atrioventricular conduction 
system is explored, hypothesizing that Tbx3 acts as a molecular switch that determines 
whether embryonic cardiomyocytes differentiate into pacemaker cells or working 
cardiomyocytes. This hypothesis is based upon the observation that such is the case in 
the sinus node. 

In chapter 4, the hypothesis that Tbx3 is able to reprogram adult cardiomyocytes into 
pacemaker cells is tested. In late fetal stages of development, Tbx3 is able to reprogram 
chamber myocardium into pacemaker myocardium and induce ectopic pacemaker foci 
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in the atrial wall of transgenic mice. In this study, adult transgenic mice were analyzed 
that initiate expression of TBX3 in cardiomyocytes upon tamoxifen administration. 

Chapter 5 reports the generation and validation of a new transgenic mouse line that 
expresses yellow fluorescent protein Venus under control of the Tbx3 locus (Tbx3Venus). 
Venus nicely recapitulates the expression pattern of Tbx3 in the conduction system and 
other tissues. This line was subsequently used to isolate and study single fluorescent 
pacemaker cells, we studied development of the sinus node and we used this mouse to 
generate a 3D-reconstruction of the Venus-positive tissues in the atrium including the 
sinus node. 

Chapter 6 discusses the previously published transgenic Tbx3-based mouse line 
BacTbx3EGFP that is a novel and specific marker for AV nodal cells. Interestingly, this 
transgenic mouse lacks regulatory sequences to drive expression of EGFP in the sinus 
node. This mouse model, however, proofs to be highly suitable to study the developmental 
origin, molecular composition and phenotype op the AV node. 

In chapter 7 (Summary), some general issues will be discussed and a brief summary 
per chapter will be provided. Likewise in Dutch in chapter 8.
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The cardiac pacemaker and conduction 
system develops from embryonic myocardium 
that retains its primitive phenotype 

Martijn L. Bakker
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Abstract
Disorders of the cardiac conduction system occur frequently and may cause life- 
threatening arrhythmias requiring medication or electronic pacemaker implantation. 
Repair or regeneration of conduction system components is currently not possible due 
to limited knowledge of the molecular regulation of pacemaker myocardium. Origin 
and development of the cardiac conduction system have been subject to debate for 
many decades. This review will discuss recent advances in our understanding of the 
molecular regulation of the development of the conduction system. We conclude that 
the components of the cardiac conduction system originate from embryonic myocardium 
that has maintained essential features of its primitive phenotype while the adjacent 
myocardium differentiates into working myocardium.
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1
Introduction
In the adult mammalian 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 
atrioventricular (AV) node to the specialized components of the ventricular conduction 
system 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.

In the adult heart, roughly three kinds of cardiomyocytes can be distinguished: 
1) pacemaker cardiomyocytes within the sinus node and the AV node, 2) rapidly 
conducting cardiomyocytes within the ventricular conduction system and 3) working 
cardiomyocytes within the atrial and ventricular walls. The most important feature 
of pacemaker cells is automaticity, which is the result of ion currents through multiple 
ion channels. Most important contributors to automaticity are the pacemaker channel 
Hcn4, which is highly enriched in the sinus node1-3 and intracellular calcium handling 
(reviewed in4). Furthermore, little intercellular coupling is present between pacemaker 
cells to allow initiation of the action potential and to delay impulse propagation, which 
is crucial for the AV node. 

The ventricular conduction system consists of the AV (or His) bundle, the bundle 
branches and the peripheral ventricular conduction system (PVCS), which is also 
known as the Purkinje fiber network. The main function of cardiomyocytes within the 
ventricular conduction system is to propagate the electrical impulse rapidly from the AV 
node to the ventricular working myocardium to orchestrate a synchronous activation 
of the ventricles from apex to base. This rapid propagation depends on excellent 
intercellular coupling through gap junction channels that consist mainly of Cx405-7 
and on high levels of the cardiac sodium channel Nav1.58. Similar to the sinus node 
and AV node, the ventricular conduction system displays automaticity and can initiate 
the heart beat, although the intrinsic frequency is low. Working cardiomyocytes are the 
laborers of the heart through their basic property to contract. The contractile and energy 
delivery apparatus are very well developed. Furthermore, working cardiomyocytes are 
well-coupled to establish simultaneous contraction. 

The origin of the three different cardiac cell types has been subject to debate for many 
years. The main issue was whether the cardiac conduction system is derived from the 
cardiac neural crest or not. Although the cardiac neural crest plays a regulatory role in 
the development of the conduction system9-12, it does not contribute materially to 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 in the early heart tube were labeled through 
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retroviral infection. At mid fetal stages, clusters of daughter cells were demonstrated 
in the conduction system and in the adjacent working myocardium13,14, indicating 
that conduction system and working cardiomyocytes are derived from one common 
myocardial progenitor that is present in the embryonic heart tube. 

In the last 20 years, considerable progress has been made to delineate the developmental 
pathways and molecular cues of embryonic cardiomyocytes while they differentiate into 
the three myocardial cell types described above. This review will discuss the evidence 
that supports the hypothesis that the conduction system (excluding the Purkinje fibers) 
is derived from primitive embryonic myocardium that is inhibited in its differentiation 
into working myocardium. The embryonic nature of pacemaker and conduction tissue 
was suspected, but molecular and developmental evidence was lacking. Three examples. 

At the end of the 19th century, famous English anatomist and physiologist Walter 
Gaskell studied the delay in the contraction wave in the 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’15. 

In the 1920’s, drawings of the developing heart by Didusch and Heard (first published 
in Streeter in 194516 and later reproduced in a book by O’Rahilly17) illustrate the notion 
that the heart develops from the straight heart tube by local differentiation into working 
myocardium, while the remainder of the heart tube, more specifically the AV canal and 
the outflow tract, remain in essence undifferentiated (Fig. 1A). 

In the 1960’s (de Haan) and the 1970’s (Viragh and Challice) histology, morphology 
and development of the cardiac conduction system were studied in great detail18-

21. Histological analysis and electron microscopy revealed that cardiomyocytes 
within the pacemaker and conduction tissues were less well developed than working 
cardiomyocytes. These pioneering investigators suggested that conduction system cells 
are perhaps an embryonic type of myocardium. 

Two alternative hypotheses have been postulated for cardiac conduction system 
formation. These are the ‘multiple ring model’ and the ‘recruitment model’. The 
multiple ring model hypothesizes that rings of conduction system tissue are present in 
the tubular heart prior to chamber formation (reviewed in22,23). When the chambers 
develop, the flanking segments impose as rings, because they remain small relative to 
the expanding chambers. The observation of relative constrictions in the inflow, the 
AV canal, the interventricular region and the outflow are at the basis of this model. It is, 
however, unlikely that these ‘rings’ are already present in the heart tube prior to chamber 
formation. To date, no evidence in terms of expression patterns has been presented to 
validate the notion that the rings are already present in the embryonic heart tube. As will 
be explained later, recent lineage experiments provide further evidence that existence of 
conduction system ‘rings’ within the proposed locations in the embryonic heart tube is 
unlikely. 
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The recruitment model states that the components of the conduction system form by 

inductive recruitment of multipotent cardiomyocytes to an initial conduction system 
framework24,25. This model was proposed for the development of the Purkinje fiber 
network and later extended to other conduction system components13,14. In our view, 
the experimental data could also be interpreted as if precursor cells differentiate into 
either working myocardium or conduction system myocardium that subsequently 
further proliferates. This specification model, however, was considered unlikely, because 
earlier experiments revealed withdrawal of conductive cells from proliferation26,27. 
Therefore, recruitment was considered to be the most likely option. More recent data, 
however, indicate that rates of proliferation within the developing conduction system are 
more than sufficient to explain growth of these components28. 

Significant progress has been made in the last decades in our understanding of the 
molecular regulation of conduction system development. Some of these new insights 
will be discussed in this review. 

Figure 1 A, Reconstruction of the lumen of a developing human heart by Osborne Heard, drawing 
by James F. Didusch. Note that the ventricular chambers are connected via the primary heart tube. 
It further illustrates that the ventricles do not develop from a common ventricle and subsequently 
separate through the process of septation, as is the case in atrial development. B, Schematic overview 
of heart development in higher vertebrates. The early heart tube has a primitive phenotype (light 
purple). Chamber myocardium (grey) expands from the outer curvatures, whereas non-chamber 
myocardium (dark purple) of the inflow tract (ift), sinus horns (sh), atrioventricular canal (avc), 
outflow tract (oft), and inner curvatures does not expand. First 3 panels show left-lateral views.  
Abbreviations: A-V J’CT. indicates atrioventricular canal (junction); TA, truncus arteriosus; ev, 
embryonic ventricle; (r/l) a, (right/left) atrium; r/l v, right/left ventricle; scv, superior caval vein; r/lbb, 
right/left bundle branch; pvcs, peripheral ventricular conduction system.
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Conduction system myocardium shares key features with embryonic 
myocardium
From early stages of development onwards, conduction system cells within the sinus 
node, AV node, AV bundle and bundle branches share characteristic features and are 
easily distinguishable from working cardiomyocytes. They are glycogen rich and contain 
less T-tubules, fewer mitochondria, and their sarcomeric apparatus and sarcoplasmic 
reticulum are less-well developed, resulting in poor contractility and a ‘pale’ 
appearance18-21,29,30. These characteristics also apply to embryonic cardiomyocytes 
within the early heart tube. Moreover, embryonic cardiomyocytes also share functional 
characteristics with pacemaker myocardium. They display automaticity and propagate 
the electrical impulse slowly, which results in a peristaltic contraction wave (Table 1).

Table 1
embryonic pacemaker working

automaticity low low high
conduction velocity low low* high
contractility low low high
SR activity low low high
cell size small small big
mitochondria little little many
proliferation (fetal) slow slow fast
This table compares key characteristics of embryonic (primary) myocardium with pacemaker 
myocardium and working myocardium. SR indicates sarcoplasmic reticulum. * indicates that 
conduction velocity is high in the ventricular conduction system. 

Local differentiation and rapid proliferation of the future cardiac 
chambers
During the process of looping, specific regions within the heart tube start to proliferate 
rapidly and initiate the working myocardial gene program. Among others, this typically 
includes up regulation of genes for fast-conducting gap junction channels, of genes that 
encode sarcomeric components, of genes associated with mitochondrial function for 
increased energy supply and of genes responsible for the rapid upstroke of the action 
potential18,31,32. The two chamber-forming regions are located at the outer curvatures 
and will become the ventricles and the atria32,33. One of the earliest markers of the 
developing chambers is Nppa (Anf )34. The regions in-between these highly proliferative, 
expanding cardiac chambers retain their ‘primary heart tube’ characteristics35 (Fig. 1B). 

Intriguingly, the simple configuration of alternating fast-conducting chamber and 
slow-conducting primitive myocardium establishes cardiac function that resembles the 
function of the mature heart. The electrical impulse is initiated in the leading pacemaker 
site in the sinus venosus, propagated rapidly through the differentiated myocardial cells 
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of the atria, after which the atria contract synchronously to pump the 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 
contraction, the outflow tract contracts and relaxes slowly, preventing back flow of 
blood into the ventricle. 

The regions of the embryonic heart tube that have not differentiated into working 
myocardium, the sinus venosus and AV canal, correspond to regions in which the 
developing conduction system components are localized. These regions also function as 
their mature counterparts. It is therefore attractive to hypothesize that the conduction 
system components develop within these regions of primitive myocardium. 

Markers of the cardiac conduction system
Genes or transgenes that specifically mark all the components of the conduction system 
have not been reported so far, although separate components of the conduction system 
can be defined molecularly. Several conduction system-specific reporters have been 
re-evaluated and none of them appeared to be specific for the entire conduction system36. 
The pacemaker channel Hcn4 is expressed in all components of the conduction system, 
but low levels of Hcn4 expression within the working myocardium have been reported37. 
In the adult heart all conduction system components except the PVCS, are marked by the 
T-box transcription factor Tbx338. Throughout cardiac development, Tbx3 is expressed 
in a continuous myocardial domain that extends from the presumptive sinus node to 
the future AV bundle domain. In the developing mouse heart, expression of Tbx3 is 
present in the looping heart tube from embryonic day (E) 8.5 onwards. Tbx2, which is a 
family member of Tbx3, is also expressed in primitive myocardium. Tbx2 is expressed 
in the inflow tract28,39, which is fated to become the embryonic AV canal28,39. After 
looping, Tbx2 expression is confined to the AV canal, overlapping with the expression 
of Tbx3. After E9, Tbx2 is also expressed in the outflow tract. Detailed examination 
revealed that the expression pattern of working myocardial genes in the adjacent atrial 
and ventricular chambers is strictly complementary to the expression domain of Tbx2 
and Tbx3, suggesting that these transcription factors play a role in the regulation of the 
working myocardial gene program38,40,41 (Fig. 2). 

Tbx2 and Tbx3 are repressors of working myocardial genes
In vitro and in vivo experiments have demonstrated that both Tbx2 and Tbx3 are direct 
repressor of working myocardial genes Nppa and Cx4038,40-42. These findings suggest a 
mechanism in which these transcriptional repressors inhibit differentiation into working 
myocardium in the myocardial regions in which they are expressed. This mechanism 
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Figure 2 At several stages of development and in different conduction system components the 
expression of Tbx3 is strictly complementary to Tbx3 target genes. In situ hybridization serial sections 
of a mouse heart. A, Cx40 is expressed in the developing chambers, whereas Tbx3 demarcates the 
AV canal (avc). B, Cx43 is expressed in the working myocardium of the interventricular septum (ivs), 
whereas Tbx3 is expressed in a complementary manner in the crest of the septum, demarcating 
the developing AV bundle (avb) and bundle braches (bb). C, Nppa is expressed in the working 
myocardium of the right atrium (ra), strictly complementary to the expression of Tbx3 within the 
sinus node (san).
Abbreviations: ift indicates inflow tract; oft, outflow tract; a, atrium; lv, left ventricle; lbb, left bundle 
branch; rsh, right sinus horn. 
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was further investigated in transgenic mice and embryos that expressed either too much 
or too little of the gene of interest. 

Due to functional redundancy, the effect of loss of function of Tbx2 or Tbx3 is only 
visible in those compartments of the conduction system that express either Tbx2 or 
Tbx3. For Tbx3, these compartments are the sinus node and the AV bundle. In the 
absence of Tbx3, working myocardial genes were expressed within the sinus node 
domain, indicating that Tbx3 is necessary for repression of working myocardial genes in 

Figure 3 Ectopic expression of ventricular markers in the conduction system. Section in situ 
hybridizations of wild-type and Tbx3 mutant mouse hearts. Probes and genotypes are indicated in 
the panels. A through D, ectopic expression of Cx40 in the Tbx3 (or Cre) positive sinus node domain 
(black arrowheads). E through G, ectopic expression of Cx43 in the Tbx3 (or Cre) positive AV bundle 
region (black arrowheads). 
Abbreviations:  rscv indicates right superior caval vein. For other abbreviations see previous figures. 
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the sinus node domain42 (Fig. 3). The fact that the sinus node is formed and does express 
Hcn4, shows that Tbx3 is not necessary for the early formation of the sinus node.

Likewise, the developing AV bundle adopts a working myocardial phenotype in Tbx3 
null embryos43, indicating that Tbx3 represses working myocardial differentiation in 
the AV bundle domain (Fig. 3). The development of the AV node appeared to be normal 
in Tbx2 or Tbx3 mutant embryos. However, 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 canal28. At the left side of the AV canal 
expression of Tbx3 is nearly absent, indicating that Tbx2 is required for the repression 
of working myocardial genes and confirming the idea of redundant effects of Tbx2 and 
Tbx3 in the remainder of the AV canal, including the future AV node. 

Next, transgenic mice were investigated that ectopically expressed Tbx3 in atrial 
working myocardium from mid-gestation onwards. These experiments revealed that 
Tbx3 is sufficient to repress working myocardial genes and to induce the expression 
of pacemaker genes within its expression domain, although these cells had already 
differentiated into working myocardium (Fig. 4). Moreover, functional pacemaker sites 
were formed in the atrial myocardium. Isolated left atrium preparations were contracting 
spontaneously, while this was never observed in controls. These experiments confirm 
that Tbx3 is a key regulator in the development of pacemaker myocardium42. 

Gene expression profiling of the developing AV node
To evaluate the relationship between the AV canal and the AV node, gene expression 
profiles of E10.5 AV canals were compared with E17.5 AV nodes and both were compared 
with age-matched working myocardial cells by microarray analysis. At E10.5 ~14.000 
transcripts were detected in the AV canal and the same number was detected in the 
working myocardium. At E17.5 these numbers had increased to ~16.00031.

To evaluate the difference between the AV canal and working myocardium, the 
number of differentially expressed transcripts was calculated. This calculation revealed 
that ~2000 transcripts were differentially expressed between the AV canal and working 
myocardium at E10.5. At E17.5 the number of differentially expressed transcripts 
increased to ~6500, indicating substantial divergence of the AV canal/AV node and the 
working myocardium. At E17.5 many more transcripts were found to be differentially 
expressed than at E10.5. This is due to general myocardial differentiation (+5000 
transcripts) and specific working myocardial / nodal maturation (+2000 and +4000, 
respectively). Most transcripts (75%) that are differentially expressed in the E10.5 AV 
canal are also differentially expressed in the E17.5 AV node. Together, these data indicate 
that the AV node differentiates considerably during development but that the late fetal 
AV node largely maintains the E10.5 AV canal program that differs considerably from 
the working myocardium. 
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Contributions of working myocardial cells to the conduction system are 
unlikely
Together, the above-mentioned data suggest a mechanism in which specific regions 
within the embryonic heart tube differentiate into working myocardium, because genes 
that suppress this specification step are not expressed in these regions. Questions that 
remain to be answered are: 1) Do cells that loose the expression of Tbx2/Tbx3 later in 
development differentiate into working myocardium and 2) is this process reversible? 
In other words, can working myocardial cells differentiate into primitive or conduction 
system myocardium? 

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 Tbx228, indicating that a significant number of 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. 

There is functional, molecular and morphological evidence that indicates a direct 
relation between primitive myocardium and the development of the conduction system. 
But can we reject the hypothesis that working myocardial cells form or contribute to 
the conduction system? Strictly, we can not. The definite lineage analysis that delineates 
the fate of working myocardial cells has not been performed or published. In our lab, 
experiments were performed with a small Nppa promoter fragment driving Cre. 
By crossing these mice with the R26RlacZ reporter line, all working cardiomyocytes 
are permanently marked. Nppa is one of the earliest markers of working myocardial 
differentiation. Because the recombination pattern in the atria was mosaic, several lines 
were examined. No recombined cells were detected in the AV node area, indicating that 
there is no contribution of working myocardial cells to the AV node (42, unpublished 
data 2009). 

Conduction system components are connected to one another from the 
onset
Although the Tbx2 and/or Tbx3 expressing regions of primitive myocardium proliferate 
much slower than the atria and the ventricles, a continuum of primitive myocardium 
remains that runs from the sinus venosus, through the future terminal crest towards the 
AV canal and via the inner curvature to the interventricular ring and the outflow tract 
myocardium. This continuum of primitive myocardium can be traced in the heart at 
any stage of development. The presence of this continuum also implies that conduction 
system components do not have to connect during development, the connection is there 
from the onset. 
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In the adult heart, most of the primitive tissues have disappeared, either by 
differentiation into working myocardium or by apoptosis. Remnants of primitive 
myocardium, however, can persist. In AV junctional tissues of healthy dogs and pigs, 
cells were found that resembled nodal cells in their cellular electrophysiology44. These 
cells were located in close proximity to the base of both the mitral and tricuspid valves45. 
Most likely, these cells are remnants of AV canal myocardium. Clinically, arrhythmias 
originating from the mitral and tricuspid annulus region have been reported46-48.

Figure 4 Ectopic expression of TBX3 in atrial cardiomyocytes results in repression of Cx40 and in 
ectopic activation of pacemaker channel Hcn4. In situ hybridization on serial sections of prenatal 
(E17.5) Cre3 (control) and Cre3 crossed with CAT-TBX3 mouse hearts, showing ectopic TBX3 
expression within the atrium (B). Atrial expression of TBX3 results in induction of Hcn4 (D) and 
down-regulation of Cx40 (F). 
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Elongation of the heart tube by addition of cells instead of proliferation
Until a decade ago, the straight heart tube was thought to contain all the precursors 
of the adult heart. This view implies that there is rapid proliferation within the heart 
tube. Elegant tracing experiments and proliferation rate analyses have revealed that 
the early heart tube only represents the majority of the left ventricle and the AV canal. 
The remainder of the heart is formed by cells that are added to the heart tube later. 
A progenitor pool located at the venous pole of the heart tube proliferates rapidly and 
contributes cells to both the venous and arterial pole of the heart28, 49-52. In the process 
of differentiation into cardiomyocytes these cells decrease their proliferation rate 
drastically28,49-52. What are the implications for earlier observations and conclusions? 

The most important implication is that causes of abnormal development of the venous 
pole, the atria, the right ventricle and the outflow tract do not lie within the linear heart 
tube but in the precursor pool that is added later. For the development of the conduction 
system it is clearly impossible that all the conduction system components are present in 
the early heart tube, which dismisses the ring model. Interpretation of expression data 
during development should also be re-evaluated, as cells in certain cardiac components 
do not stay in this functional component, but contribute to other cardiac component 
later in development. A nice example is the reinterpretation of the reported expression 
pattern of Tbx2 in the heart. In the straight heart tube, Tbx2 expression was observed 
in the proximal half of the tube, which is described as the ‘inflow and the future atria’. 
During the process of looping, the expression ‘disappears in the atria and expression 
of Tbx2 is only observed in the AV canal’39. As we know now, the cells within the 
embryonic inflow and atria are not the cells of the adult inflow and atria. These cells and 
their progeny will form the AV canal and the left ventricle. The expression of Tbx2 did 
not disappear, but these Tbx2-expressing cells got a new position, the AV canal, due to 
addition of new cardiac cells at the inflow of the heart.

We have mainly focused on the primitive myocardium of the AV canal developing 
into the AV node. How does the above apply to the other components of the conduction 
system?

Sinus node
The sinus node develops within the sinus venosus myocardium. The sinus venosus 
myocardium differentiates from a separate precursor pool, which is added to the heart 
tube at E9-9.553-55. Initially, the entire sinus venosus exhibits a ‘primitive’ phenotype 
with low expression of working myocardial genes and high expression of Hcn4 and 
therefore the entire sinus venosus displays pacemaker activity. At approximately E10, 
the transcriptional repressor Tbx3 is induced in a sub domain of the sinus venosus, 
where it defines the area of the sinus node primordium38,56,57. After establishment of 
the sinus node domain, the remainder of the sinus venosus induces working myocardial 
genes, whereas the expression of Hcn4 is suppressed. In the sinus node primordium, this 
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induction process is prevented by Tbx3 and the expression of Hcn4 is maintained, which 
provides a likely mechanism by which the sinus node becomes the leading pacemaker site. 

AV bundle
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 Purkinje network58-61. Cx40 serves as an excellent 
marker to distinguish the fast-conducting components of the ventricular conduction 
system from the AV node and the working myocardium5. In the embryonic heart, the 
developing AV bundle does not express Cx40, nor is the ventricular conduction system 
required for propagation of the cardiac impulse from the AV canal to the ventricle. 
Instead, the ventricle is activated directly from the dorsal AV canal through rapidly 
propagating Cx40 and Cx43 expressing trabecular myocardium20,62,63. 

The AV bundle is specified by a network of transcription factors including Tbx5, 
Nkx2.5, Id2 and Tbx3, of which Id2 and Tbx3 appear to be the executors43,64,65. 
Intriguingly, the expression level of Id2 is unchanged in Tbx3 knockout embryos. Similar 
to the development of the sinus node and AV node, Tbx3 represses the differentiation into 
working myocardium within the developing AV bundle domain, where it is expressed 
from the looping heart tube stage onwards38,43 (Fig. 2 and 3). 

Seemingly inconsistent with the notion that the AV bundle displays a primitive 
phenotype, Cx40 expression increases dramatically in late fetal stages of development, 
although its repressor, Tbx3, is still present. In Tbx3 null embryos Cx40 is up regulated 
in the AV bundle at earlier stages of development. 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 balance shift in the interactions of several transcription 
factors. 

The peripheral ventricular conduction system
The PVCS consists of a network of thin myocardial fibers located directly beneath the 
endocardium. The PVCS cells express Nppa, Cx43 and Cx40 and conduct the electrical 
impulse rapidly to the ventricular myocytes. The PVCS develops within the trabecular 
myocardium of the embryonic ventricle. Therefore, in contrast to the other components 
of the conduction system, the PVCS is not directly derived from embryonic myocardium, 
but from working cardiomyocytes that differentiated early in development. Furthermore, 
the PVCS does not express transcriptional repressors such as Tbx2 and Tbx3, confirming 
a different developmental pathway that will not be further discussed in this review (for 
recent review see66).
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Final remarks
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 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 that has initiated a chamber myocardium gene expression 
program and one population that retains the phenotype of primitive myocardium due 
to expression of transcriptional repressors (Tbx2, Tbx3 and Id2). However, cells within 
the primitive myocardium continuously loose the expression of repressors and initiate a 
chamber myocardium gene program, thereby joining the working myocardium. While it 
is not known whether this process is reversible, it is unlikely that differentiated working 
cardiomyocytes can become primitive or conduction system cardiomyocytes again. 

After differentiation into chamber myocardium cells will further mature into 
atrial working myocardium in the atria and into compact myocardium and trabecular 
myocardium in the ventricles. The trabecular layer is derived from chamber myocardium 
and will give rise to the PVCS. Although the sinus node, AV node, AV bundle and bundle 
branches are derived from primitive myocardium, these conduction system components 
mature significantly. As has been shown by gene expression profiling for the developing 
AV node, most genes differentially expressed at E10.5 are also differentially expressed 
at E17.5, suggesting preservation of the phenotype, but many additional genes become 
differentially expressed, indicating significant maturation. 

On the other hand, it is important to realize that a significant proportion of primitive 
myocardium present in the embryonic and fetal heart, as has been shown for the AV 
canal, does not contribute to the conduction system, but differentiates into working 
myocardium. We speculate that these cells initiate the working myocardium gene 
expression program, due to loss of the expression of transcriptional repressors. The 
mechanism responsible for this loss of expression, however, remains to be elucidated.
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Figure 5 Model for cardiomyocyte differentiation into all myocardial components of the heart. 
The red arrow between primary and chamber myocardium indicates continuous differentiation of 
primary cardiomyocytes into chamber myocardium. 
Abbreviations: A/V WM indicates atrial/ventricular working myocardium. For other abbreviations 
see previous figures. 
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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. 
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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 

proefschrift.indb   49 8-11-2012   13:32:52



50

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. 

proefschrift.indb   51 8-11-2012   13:32:53



52

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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Abstract
The cardiac conduction system consists of distinctive heart muscle cells that initiate and 
propagate the electrical impulse required for coordinated contraction. The conduction 
system expresses the transcriptional repressor Tbx3, which is required for vertebrate 
development and controls the formation of the sinus node. In humans, mutations in 
Tbx3 cause ulnar-mammary syndrome. Here we investigated the role of Tbx3 in the 
molecular specification of the atrioventricular conduction system. Expression analysis 
revealed early delineation of the atrioventricular bundle and proximal bundle branches 
by Tbx3 expression in human, mouse and chicken. Tbx3-deficient mice, which die 
between embryonic day 12.5 and 15.5, ectopically expressed genes for connexin (Cx) 
43, atrial natriuretic factor (Nppa), Tbx18 and Tbx20 in the atrioventricular bundle and 
proximal bundle branches. Cx40 was precociously up-regulated in the atrioventricular 
bundle of Tbx3 mutants. Moreover, the atrioventricular bundle and branches failed to 
exit the cell cycle in Tbx3 mutant embryos. 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. Our data 
suggest a mechanism in which Tbx3 represses differentiation into ventricular working 
myocardium, thereby imposing the conduction system phenotype on cells within its 
expression domain.
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Introduction
The cardiac conduction system is responsible for the initiation, coordination and 
propagation of the electrical impulse. The impulse is initiated in the sinus node, delayed 
in the atrioventricular (AV) node, and then rapidly propagated by the AV bundle 
(bundle of His), bundle branches and the peripheral conduction system to activate 
the ventricular working myocardium from apex to base. Disorders of the conduction 
system, including sinus node dysfunction and AV block, occur commonly, and may 
cause life-threatening arrhythmias requiring pacemaker implantation or treatment with 
anti-arrhythmic medication. Congenital heart defects and gene mutations significantly 
contribute to conduction system disorders1-3. Since the anatomical identification of the 
conduction system components 100 years ago, knowledge regarding their development, 
morphology and physiological function has increased steadily4-10. However, insight 
into the molecular and genetic underpinnings of the specification and formation of the 
conduction system is very limited. Human and mouse studies have identified cardiac 
homeobox factor Nkx2-5, T-box transcription factor Tbx5, Id2 and BMP signaling as 
important molecular components for the formation of the AV conduction system11-15, 
and Tbx3 as a critical factor in the formation of the sinus node14.

Tbx3 is a T-box transcription factor involved in developmental patterning, regulation 
of proliferation, senescence, cell cycle exit and apoptosis16,17. Mutations in Tbx3 cause 
ulnar-mammary syndrome (UMS) in human, a congenital disorder associated with 
defects in limbs, mammary glands, teeth and, occasionally, the heart18,19. In the heart, 
Tbx3 is specifically expressed in the conduction system20. Recently, we have found 
that Tbx3 acts as a molecular switch that determines whether embryonic cardiac cells 
differentiate into pacemaker cells or working myocardium14. Here we investigated the 
role of Tbx3 in the formation of the atrioventricular conduction system. We found that 
Tbx3 marks the AV bundle and bundle branches prior to other functionally important 
genes and markers, and that Tbx3 is required for the specification of these conduction 
system components by protecting them from obtaining the ventricular working 
myocardium phenotype.

Materials and Methods

Mice
The Tbx3Cre allele has been previously described14. For age determination of the 
embryos, couples were put together overnight when the female was in estrus. Next day, 
the female was inspected for a vaginal plug and the animals were separated. Noon was 
considered embryonic day 0.5. Genomic DNA prepared from amnion or tail biopsies 
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was used for genotyping by PCR, using primers specific for Cre and the wild-type allele. 
Animal care was in accordance with national and institutional guidelines.

BrdU assay
Pregnant females were injected with 50 mg of 5’-bromo-2’deoxyUridine (BrdU) / kg 
bodyweight (Sigma B5002). After 1 hour of BrdU exposure the mice were stupefied with 
carbon dioxide and killed by cervical dislocation. The embryos were isolated on ice cold 
PBS to stop the BrdU incorporation, and further processed for immunohistochemistry.

In situ hybridization and immunohistochemistry
The non radioactive in situ hybridization method and probes were described 
previously14,20-22. The probe for Id212 was kindly provided by Dr. Ivan Moskowitz 
(Institute of Molecular Pediatric Sciences, University of Chicago). Embryos were 
fixed in 4% formaldehyde, embedded in paraplast and sectioned at 7 μm for 
immunohistochemistry and at 12 μm for in situ hybridization. Immunohistochemistry 
of adult tissue was performed on cryosections. The primary antibodies used were: 
Nkx2-5 rabbit polyclonal (1:100; Santa Cruz), Tbx3 goat polyclonal (1:300; Santa Cruz), 
BrdU rat polyclonal (1:600; AbD serotec), PCNA mouse monoclonal (1:200; Santa 
Cruz biotechnology), Cx40 mouse monoclonal (1:100; USBio), Hcn4 rabbit polyclonal 
(1:250; Chemicon), and cTnI rabbit polyclonal (1:100; Hytest Ltd). For Nkx2-5 and Tbx3 
a Tyramide signal amplification kit was used (Perkin Elmer LAS, Inc). The secondary 
antibodies used were Alexa 647 goat-anti-rabbit, goat-anti-mouse and goat-anti-rat, 
Alexa 568 goat-anti-rabbit and goat-anti-mouse antibodies (1:250; Molecular Probes), 
biotinylated goat-anti-rabbit (1:200; DAKO) and biotinylated Donkey-anti-goat antibody 
(1:100; Jackson immunotech). Nuclei were stained using Sytox Green nucleic acid stain 
(1:30,000; Molecular Probes). All expression patterns were confirmed in at least 3 
independent embryos per genotype.

Apoptosis assay
Apoptotic cells were identified using the above described procedure for immuno-
histochemistry with a primary antibody against cleaved caspase 3 (rabbit polyclonal, 
1:250; Cell Signaling Technology). Terminal Transferase dUTP Nick End Labeling 
(TUNEL) assay was performed according to the manufacturer’s instructions (Boehringer-
Mannheim). The DNA nicks were detected by a peroxidase-coupled monoclonal antibody 
against flourescein (converter-POD, 1:15, Boehringer-Mannheim). The antibody was 
demonstrated with diaminobenzidine and H2O2. 

Reconstruction and quantification
The 3D reconstruction procedure has been previously described23. For the quantification 
of proliferation and 2D visualization of the BrdU labeling index, sections were stained 
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for BrdU, Sytox green and a myocardial marker. Data from 6 serial sections were 
projected onto one section to allow reliable counting and visualization of local BrdU 
labeling indices24. For regional quantification, 100-150 cTnI-positive myocardial cells 
were marked (using a “cTnI-mask”) in the crest (AV bundle domain) and in the compact 
myocardium in the base of the septum (the region around “vs” in panels H and I in revised 
Fig. 6). This was performed for at least three representative sections of the ventricular 
septum per embryo, n=3 embryos per genotype. Then, the BrdU staining was visualized 

Figure 1 Tbx3 expression delineates the forming AV bundle and bundle branches from early stages 
onwards. A-G, section in situ hybridizations of mouse ventricular septa. For each stage, serial sections 
were stained for Tbx3 and Cx43, respectively. Probes and developmental stages are indicated in the 
panels. The square bracket in panel A demarcates the interventricular area in the embryonic ventricle 
with increased Tbx3 expression. Black arrowheads in panels B-G indicate the Tbx3 expressing AV 
bundle and bundle branches. The square brackets in D-G depict the region of graded Tbx3 and 
Cx43 expression. H-J, fluorescent immunohistochemistry sections stained for Tbx3. H, 12 weeks old 
human fetus. I, enlargement of panel H. J, E12.5 mouse embryo. The white arrowheads indicate Tbx3 
protein detection in the AV bundle and branches. Scale bar = 100 μm. 
Abbreviations: avb, atrioventricular bundle; r/l v, right/left ventricle; lbb, left bundle branch; vs, 
ventricular septum
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to count the number of marked cells that were proliferating. Proliferation rates were 
calculated by dividing the BrdU-positive cTnI-positive cells by the total number of 
cTnI-positive cells.

Optical mapping
After removal of the embryos from the uterus hearts were isolated. Each heart was 
incubated for 5 minutes with Tyrode’s solution containing 5 μM Di-4 Anneps at 37 oC, 
and placed on an inverted microscope set up for recording optical signals.  Excitation 
light was provided by a 5 Watt power led (filtered 510 +/- 20 nm). Emitted fluorescence 
(filtered >610nm) was transmitted through a tandem lens system on a photo diode array 
(16x16 elements) connected to a data-acquisition system (biosemi Mark-6). Optical 
action potentials were analyzed with custom software. 

ECG
Three unipolar electrocardiograms were recorded for a period of 5 minutes during 1.5 
% isoflurane anesthesia. Signals were averaged after which RR, PQ, QRS, QT and QTc 
were calculated.

Statistics
Statistical analysis was performed using a two-sample two tailed Student t-test. Genotype 
and phenotype frequencies were tested with a Chi-square test.

Results

Tbx3 delineates the developing and mature atrioventricular bundle and 
bundle branches
To explore the possible role of Tbx3 in the development of the AV bundle and branches, 
we investigated its expression pattern in these components. In situ hybridization 
was performed on consecutive sections using probes against Tbx3 and Cx43, a gene 
expressed in the working myocardium but excluded from sinus node and atrioventricular 
conduction system components during normal cardiac development20,25-29. Tbx3 
expression was confined to the crest of the ventricular septum from E10.5 to adulthood, 
demarcating the nascent AV bundle. From E12.5 onwards, Tbx3 expression was 
additionally observed in the proximal bundle branches, where it was expressed in a 
diminishing gradient towards the apex. In the myocardium of the AV bundle and AV 
canal, the Tbx3 pattern was strictly complementary to that of Cx43 (Fig. 1). Additional 
Tbx3 expression was also observed in the cushion mesenchyme and outside the heart 
(e.g. body wall, lung), where it was co-expressed with Cx43 (Fig. 1, Suppl. file 1). Localized 
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expression of Tbx3 could be traced back to the myocytes in-between the just-emerging 
ventricular chambers of the E9.5 heart, at the position where the ventricular septum will 
develop (Fig. 1A). Presence of Tbx3 protein in the crest of the mouse ventricular septum 
(Fig. 1J) was detected by immunohistochemistry, which is evolutionary conserved in 
human (Fig. 1H, I) and chicken (data not shown).

Gene expression in the developing atrioventricular bundle and bundle 
branches
We next assessed the expression pattern of Cx43 and Nppa (ANF), which mark the 
developing working myocardium, and are specifically absent from the developing and 
adult nodal (sinus node, AV canal/node) conduction system components10. These 
markers were found to be absent from the developing and mature AV bundle (Fig. 1, Suppl. 
file 2, Suppl. file 3), consistent with the notion that the developing AV bundle shares its 
expression profile and phenotype with the nodal conduction system components. Nppa, 
however, was expressed in more distal parts of the bundle branches (Suppl. file 3E). Two 
other members of the T-box transcription factor family, Tbx18 and Tbx20, were found to 
be expressed in the working myocardium of the ventricular septum, but their expression 
was selectively absent from the AV bundle (Suppl. file 3B, C). Gap junction protein Cx40, 
another marker of developing working myocardium26-28, is responsible for the fast 
impulse propagation between myocardial cells of the AV bundle and branches. Cx40 is 
not expressed in the Tbx3-positive developing AV bundle until E14.5, but is expressed in 
the bundle branches27 (Fig. 2F). However, unlike the other markers, Cx40 is progressively 
expressed in more proximal parts of the AV bundle during its further maturation (Fig. 
2I), until the entire AV bundle expresses Cx40 around birth27,29,30. The AV canal / AV 
node never initiated expression of Cx40. We conclude that the developing AV bundle and 
the nodal components of the conduction system share a similar (Tbx3-positive, Cx40/
Cx43/Nppa-negative) expression profile, which distinguishes them from the working 
myocardium.

We next compared expression of Tbx3 with expression of transcription factors Tbx5 
and Nkx2-5, which are involved in patterning and specification of the AV bundle and 
bundle branches11,12,31. In the developing heart tube Tbx5 is expressed in a gradient 
towards the outflow tract32,33, and after E11.5 Tbx5 becomes confined to the left 
ventricle, the trabecular component of the right ventricle, and the crest of the ventricular 
septum32 (Fig. 2B, E, H). Nkx2-5 was reported to be expressed at higher levels in the 
ventricular conduction system compared to the working myocardium12,34. At E11.5, 
Nkx2-5 was homogeneously expressed in the ventricular myocardium (not shown), but 
from E12.5 onwards its mRNA (Fig. 2C) and protein (Fig. 5I) were slightly enriched in 
the crest of the septum. Taken together, expression of Nkx2-5 and Tbx5 is initially broad, 
but becomes significantly higher in the developing AV bundle several days later than 
Tbx3.
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Figure 2 Spatial and temporal expression pattern of genes expressed in the developing AV bundle 
and bundle branches. Section in situ hybridizations of pre-natal mouse ventricular septa. For each 
stage, adjacent sections were used. Probes and developmental stages are indicated in the panels. Black 
arrowheads indicate the AV bundle. White arrowheads indicate staining in the bundle branches. 
Scale bar = 100 μm. For abbreviations see Figure 1.
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Figure 3 Ventricular septum and outflow tract defects in Tbx3 mutant hearts. Left panels show 
sections of an E13.5 wild-type fetus, right panels show a Tbx3-deficient littermate. A, B, E, F, 
representative sections of the outflow tract (A, B) and AV canal region (E, F). Black arrow in F indicates 
interventricular communication/ventricular septal defect. C, D, 3D reconstructions showing the 
blood-filled lumen. Yellow circle indicates the abnormal origin of the aorta from the right ventricle 
in the mutant (D). Scale bar = 100 μm. Abbreviations: ao indicates aorta; pt, pulmonary trunk; r/l a, 
right/left atrium; for other abbreviations see Figure 1. 
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Tbx3 is required for septation and outflow tract formation
To unravel the role of Tbx3 in the formation of the AV conduction system, Tbx3-deficient 
embryos14 were analyzed. Consistent with the defects seen in ulnar-mammary syndrome 
patients (heterozygous for a mutation in TBX3) and previously reported Tbx3-deficient 
mice18,35, homozygous Tbx3-deficient (Tbx3Cre/Cre) embryos have limb defects and 
fail to form mammary glands. The embryos die between E12.5 and E15.5. At E12.5, 
Mendelian ratios were as expected (wild-type/heterozygous/homozygous: 24/57/27). 
However, at E13.5, we found 34 wild-type embryos and only 15 homozygous mutants, 
which is 44% of the expected fraction. At E14.5 we found 49 wild-types and 4 homozygous 
mutants (8% of expected fraction). No homozygous Tbx3-deficient embryos were found 
at later stages. 

A consistent finding in mutant hearts was a double outlet right ventricle (DORV). 
The great arteries lie side by side with the aorta positioned to the right of the pulmonary 
trunk (Fig. 3). 3D reconstruction demonstrates that the aorta does not originate from 
the left ventricle but from the right ventricle, whereas the pulmonary trunk is positioned 
normally (Fig. 3C, D). This congenital cardiac malformation was observed in 24 of 27 
mutant embryos, compared to 2 of 31 wild-types (p < 0.001; Suppl. file 4A). A severe 
delay in closure of the interventricular foramen was observed. In wild-type embryos the 
septum was closed in 75% of embryos at E13.5 and 100% at E14.5, compared to 12.5% 
at E13.5 and 0% at E14.5 in mutant embryos (p = 0.012 (E13.5) and 0.014 (E14.5); Suppl. 
file 4B). We observed a short and blunted ventricular septum in multiple sections of 
mutants. Measurements revealed that the length of the ventricular septum is 19% (p = 
0.012) smaller in mutants than in wild-types, whereas there is no significant difference 
in the width of the heart (4% difference, p = 0.31). 

Loss of AV bundle specification in Tbx3 mutants 
To investigate the role of Tbx3 in AV conduction system development, hearts of Tbx3 
homozygous mutants and wild-type littermates were analyzed for gene expression, 
proliferation, and apoptosis. Sections of Tbx3 mutant hearts were stained for Cre 
expression, revealing the Tbx3-expression domain in the absence of Tbx3 protein. 
Expression of Cre was observed in the expected region in the crest of the ventricular 
septum of Tbx3 mutants, indicating that these cells have received the instructions to 
initiate Tbx3 expression, and that Tbx3 protein is not required for Tbx3 gene activity. In 
these mutants, both the distal (cranial) and proximal (caudal) Cre-expressing AV bundle 
domain showed co-expression of Cx43 (Fig. 4A-H). 3D reconstruction of the Tbx3/Cre 
expressing domain revealed mutually exclusive expression of Tbx3 and Cx43 in wild-type 
embryos, but extensive overlap in expression of Cre and Cx43 in the dorsal AV canal 
(presumptive AV node), AV bundle, and proximal branches in mutants (Fig. 4I, J). No 
ectopic expression of Cx43 was observed in other parts of the AV canal. Moreover, the 
reconstructions show that the overall morphology of the AV canal of mutants was not 

proefschrift.indb   70 8-11-2012   13:33:00



Tbx3 Required for AV Bundle Formation

71

Chapter

3

affected (Fig. 4J; compare Cre-expressing AV domain in mutants with Tbx3-expressing 
AV domain in wild-types).

Consistent with the ectopic expression of Cx43, also Nppa, Tbx18 and Tbx20 were 
ectopically expressed in the Cre-expressing domain (Fig. 5). Moreover, Cx40 was 
precociously up-regulated in the AV bundle (Fig. 5G, J). The enrichment of Nkx2-5 
protein in the crest of the septum was largely lost in mutants (Fig. 5I, L). Expression of 
Id2 and Tbx5 was similar in wild-type and mutant hearts, indicating that they do not 
depend on Tbx3 (Suppl. file 5).

The components of the conduction system proliferate slowly36-38. In mouse it was 
shown that the AV bundle exits the cell cycle at approximately E12.512. Based on PCNA 
staining, we observed cell cycle exit as early as E11.5 (not shown). We then investigated 
the role of Tbx3 in regulation of proliferation and cell cycle exit, using BrdU incorporation 
as a measure for proliferation rate. Adjacent sections stained for BrdU incorporation 
and for Tbx3 expression revealed that the Tbx3 expressing domain contains few BrdU 
positive cells (Fig. 6A). In mutants, however, the number of BrdU positive cells in the 
crest of the ventricular septum was similar to that of the working myocardium in the 
remainder of the septum (Fig. 6B). The same results were obtained using PCNA staining 
(not shown). Quantitative analysis of local proliferation rates in the ventricular septum 
demonstrated relatively slow proliferation in the crest of wild-type AV bundles, whereas 
proliferation in the AV bundles of mutants was similar to the remainder of the septum 
(Fig. 6C, D). We conclude that Tbx3 is required for the low proliferation rate in the 
developing AV bundle.

To assess whether the loss of Tbx3 affects programmed cell death in the AV bundle, 
we analyzed apoptosis in wild-type and mutant hearts using cleaved caspase-3 staining 
and TUNEL assays. In the ventricular septum, very low rates of apoptosis were detected, 
which were not different between wild-types and mutants (Suppl. file 6).

No change in atrioventricular conduction time in Tbx3 mutants 
To investigate whether deregulation of gene expression in the AV canal and AV bundle 
caused alterations in impulse propagation, the activation pattern and AV conduction 
time were assessed in wild-type and Tbx3 mutant embryos (E12.5) by optical mapping. 
The activation pattern and interval between excitation of the atrium and excitation of 
the ventricle were not different (Fig. 7). Next, we performed surface electrocardiography 
(ECG) on adult Tbx3+/Cre heterozygous mutants and wild-type littermates to evaluate 
whether a decrease in Tbx3 affects cardiac conduction. No difference was found in heart 
rate, PQ, QRS, QT or QTc duration (WT/Tbx3+/Cre n=5/4, Suppl. file 7). Morphological 
analysis revealed absence of outflow tract malformations and absence of ventricular 
septal defects. Immunohistochemical analysis revealed an intact AV node (Hcn4+/
Cx40-), AV bundle and branches (Hcn4+/Cx40+) in Tbx3+/Cre mice (n= 6, Suppl. file 7).
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Figure 4 Ectopic expression of Cx43 in the atrioventricular conduction system. A through H, section 
in situ hybridizations of wild-type (WT) and Tbx3 mutant (Tbx3Cre/Cre) ventricular septa. Probes 
and genotypes are indicated. Caudal sections are close to the presumptive AV node. Cre staining (C, 
G) reveals the activity of the Tbx3 gene in the absence of Tbx3 protein. I, J, 3D reconstructions of 
the Tbx3 (or Cre) positive and Cx43-negative myocardial area. Panel I shows a cranial (4-chamber) 
view of the transparent lumen of an E12.5 heart in which the Tbx3+, Cx43- myocardial AV region 
has been made visible. J, the isolated myocardial area of the AV region shown from ventral (upper), 
caudal (middle) and right side (lower panels). Color code is depicted below the reconstructions. Scale 
bar = 100 μm. 
Abbreviations: l/r bb, left/right bundle branch; cran., cranial; caud., caudal; D, dorsal; V, ventral; 
R, right; L, left; l/r avrb, left/right atrioventricular ring bundle; avn, atrioventricular node; for other 
abbreviations see Figure 1. 
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Discussion
Our study shows that Tbx3 is required for the specification of the AV bundle and 
proximal bundle branches, and for the development of the ventricular septum and 
outflow tract. Mutations in Tbx3 cause UMS in human, which includes hypoplasia 
of the mammary and other apocrine glands, malformations of the limbs (ulnar side), 
teeth and genitalia18. Interestingly, ventricular septal defects and pulmonary stenosis 
were observed in one UMS family, suggesting that this phenotype may be part of this 
syndrome, albeit with low penetrance, indicating that the occurrence depends on other 
mutations or genetic background19. Conduction system defects have not been reported 
in UMS patients, and our findings indicate that heterozygous Tbx3 mutant mice do not 
have obvious structural heart defects or conduction system defects. These observations 
indicate that Tbx3 levels in heterozygous mutants are sufficient for the formation of the 
conduction system, ventricular septum and outflow tract. Nevertheless, a large screen 
among UMS patients may reveal such abnormalities in the patient population. More 
importantly, the role of Tbx3 identified here and in previous studies render Tbx3 an 
important candidate as modifier gene in congenital or acquired conduction system 

Figure 5 Ectopic expression of ventricular markers in the atrioventricular conduction system. A 
through H and J, K, section in situ hybridizations of wild-type and Tbx3 mutant ventricular septa. 
Probes and genotypes are indicated in the panels. Black arrowheads indicate the Tbx3 (or Cre) positive 
AV bundle region. I, L, fluorescent immunohistochemistry sections. In the mutant the difference in 
expression level of Nkx2-5 between the crest and compact myocardium of the ventricular septum is 
largely lost (white arrowheads). Scale bar = 100 μm. For abbreviations see Figure 1. 
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disease (sinus node dysfunction, AV block) or congenital defects of the ventricular 
septum and outflow tract1-3.

Tbx3 specifies the AV bundle and prevents its differentiation into 
working myocardium
Cardiomyocytes of the conduction system, including the AV bundle and branches, are 
less well differentiated than working myocardium cells. They have a poorly developed 
sarcomere apparatus, display high automaticity, and proliferate slowly, in these respects 
resembling embryonic myocytes10,36-42. This suggests that conduction system cells have 
been limited in their differentiation into working myocardial cells39. We hypothesize 
that Tbx3 is required to prevent differentiation of the AV conduction system into 
working myocardium. Nppa, Cx43, and Cx40 are markers for chamber myocardium 
(= precursor of working and Purkinje fiber myocardium10). In Tbx3-deficient embryos, 
these markers were ectopically expressed in the AV bundle. Two novel negative markers 
for the AV bundle, Tbx18 and Tbx20, were also ectopically expressed in the AV bundle 
of Tbx3 mutants. Furthermore, AV bundles in Tbx3-deficient embryos completely failed 
to exit the cell cycle, and acquired or maintained proliferation at the same rate as the 
surrounding working myocardium. Previous studies further support the hypothesized 
function of Tbx3 in the specification of the atrioventricular conduction system. Tbx3 
has been shown to function as a repressor of gene expression43 and is able to suppress 
myogenic differentiation in C2C12 myoblasts44. Furthermore, ectopic expression 
of Tbx3 in the entire embryonic heart causes arrest of heart growth and chamber 
differentiation13. Tbx3 is able to suppress a large panel of atrial working myocardial 
genes and Tbx3 directly interacts with the Cx43 regulatory DNA to suppress its activity 
in vivo14. Tbx3 may also stimulate the conduction system phenotype as it was found to 
induce pacemaker-specific genes14. Together, the data suggest a mechanism in which 
Tbx3 represses differentiation into ventricular working myocardium, imposing the 
conduction system phenotype on cells within its expression domain.

Mechanism of specification and formation of the conduction system
Transcription factors Tbx5 and Nkx2-5 have important roles in the formation of 
the conduction system11,12,31. Mutations in these genes cause congenital heart 
malformations and conduction system defects, including atrioventricular block, in 
human and mouse. Mice haploinsufficient for both Tbx5 and Nkx2-5 fail to establish 
an AV bundle as monitored by the loss of minK-lacZ expression, fail to acquire slow 
proliferation in the crest of the septum, and develop functional conduction block in 
post-natal animals12. However, both Tbx5 and Nkx2-5 stimulate working myocardial 
gene expression (Cx40, Cx43, Nppa), and both factors are required for chamber (working 
myocardial) differentiation45,46. Moreover, Tbx5 is required for the progression of the 
cell cycle47. These functions are not compatible with a direct role in the suppression of 
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working myocardial gene expression, differentiation and proliferation in the AV bundle. 
Tbx5-Nkx2-5 double heterozygous mice fail to activate transcriptional repressor Id2 
in the crest of the septum, which may be responsible for the observed repression of 
differentiation and gene expression12, a possible role that needs to be addressed.

Our data have revealed that Tbx3 is required to specify the AV bundle and proximal 
branches and to suppress ventricular working myocardial genes and proliferation in this 
cell population. Moreover, Id2 expression was not affected in Tbx3-deficient embryos, 
indicating that Id2 is not sufficient to fulfill the tasks of suppressing differentiation, 
proliferation and gene expression. Therefore, we hypothesize that Tbx3 is a main 
determinant in AV bundle formation.

In the heart, both Tbx5 and Tbx3 physically interact with Nkx2-5 to activate or 
repress target genes46,48 (Phil Barnett, VMC, unpublished data). A transcriptional 
regulatory network is active in which Tbx3 expression is induced by Tbx5 and suppressed 
by Nkx2-5, possibly to maintain and balance expression of Tbx3 in the conduction 
system13,49. Tbx3 (repressor), in turn, competes with Tbx5 (activator) for the regulation 
of working myocardial genes Cx40 and Nppa, differentiation and proliferation in a dose 
dependant manner20 (Fig. 8). We hypothesize that Tbx5 and Nkx2-5 specify the AV 
conduction system largely through the regulation of Tbx3 gene activity and interactions 
with Tbx3 protein. The broad expression pattern of Tbx5 and other known regulatory 
factors in the early developing heart indicates that a yet undefined factor is required to 
confine Tbx3 expression to the early developing conduction system. 

Conduction system function is not affected in Tbx3 mutants
In mutants, ectopic induction was observed of Cx40 and Cx43 in the AV bundle and 
of Cx43 in the dorsal AV canal where the AV node develops. These high conductance 
gap junctions are required for rapid impulse propagation50. However, we did not 
observe changes in the AV conduction velocity in homozygous mutant embryos. The 
presence of a slow conducting AV canal in the absence of Tbx3 strongly suggests 
additional Tbx3-independent mechanisms for slow conduction. In the AV canal Tbx3 
may be redundant, because Tbx2, which is functionally closely related to Tbx3, is 
robustly expressed in the AV canal during development. Another mechanisms might 
be the presence in the AV canal of the very low conductance gap junction Cx30.2 that is 
required for conduction slowing in the adult AV node50. 

The ventricular activation pattern was also normal in E12.5 mutant embryos, 
indicating that the AV bundle is not yet required for fast propagation of the action 
potential from the AV node to the ventricular myocardium at this developmental stage. 
This is consistent with the notion that the AV bundle does not express Cx40 before 
E14.5 (Fig. 2). Moreover, at this developmental stage the Cx40/Cx43-positive trabecular 
myocardium is directly connected to the dorsal AV canal6 (future AV node). This 
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Figure 7 Electrophysiological analysis of Tbx3 mutants. A, typical example of an activation pattern 
observed in E12.5 wild-type and Tbx3Cre/Cre embryonic hearts. B, bar graph of AV conduction time 
in E12.5 wild-type, Tbx3+/Cre and Tbx3Cre/Cre hearts. C, D, fluorescent immunohistochemistry 
sections of adult wild-type and heterozygous mutant (Tbx3+/Cre) mice showing the Cx40-positive 
AV bundle and left bundle branch. Scale bar = 100 μm. conduction time in ms. For abbreviations see 
Figure 1.

Figure 6 Tbx3 is required to suppress proliferation in the atrioventricular bundle. A, B, fluorescent 
immunohistochemistry sections of E12.5 mouse hearts stained as indicated. White arrowheads in 
A indicate the Tbx3-expressing AV bundle, where BrdU incorporation is not observed in wild-type 
embryos. B, myocardium is visualized using antibody against cardiac troponin I (cTnI). White 
arrowheads indicate the AV bundle, which is free of BrdU incorporation in wild-type, but not in 
mutant embryos. C, 2D visualization of the BrdU labeling index in the ventricular septum. The 
arrowheads indicate the AV bundle. Color code for BrdU incorporation is depicted. D, quantification 
of fraction of BrdU positive nuclei in the base of the septum and the AV bundle. * p < 0.05. Scale bar 
= 100 μm. For abbreviations see Figure 1. 
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connection may underlie the normal activation pattern observed at this stage9 (Fig. 7A) 
in the absence of a specified AV bundle. 

Due to lethality before E14.5, homozygous mutants could not be analyzed at later 
stages, when the AV bundle has become the only electrical connection between the AV 
node and ventricle. ECG recordings revealed the absence of conduction disturbances 
in heterozygous mutants. The AV node and AV bundle appeared to be intact. These 
observations indicate that the decreased Tbx3 dose in heterozygous mutants is sufficient 
for the formation of the conduction system.

Tbx3 deficiency and outflow tract malformations
DORV and ventricular septal defects were observed in nearly all mutant embryos. We 
believe that these malformations are not related to the conduction system phenotype 
but represent a separate function of Tbx3 in cardiac morphogenesis. Tbx3 is expressed 
in pharyngeal mesenchyme and cardiac neural crest cells that populate the outflow tract 
(Suppl. file 4D) and are involved in its rotation and septation51. We hypothesize that 
Tbx3 is involved in a crucial aspect of the regulation of these cells, but the precise role of 
Tbx3 in outflow tract morphogenesis remains to be elucidated.

Figure 8 Model for atrioventricular bundle and bundle branch specification. A, expression profiles 
of the key regulators of AV bundle and bundle branch specification. B, mechanism by which the 
AV bundle is specified in the crest of the ventricular septum. Tbx5 and Nkx2-5 stimulate working 
myocardium differentiations and proliferation. Tbx5 acts as activator of Tbx3 and Nkx2-5 acts as 
co-factor for both Tbx5 and Tbx3. Tbx3 and Tbx5, however, compete to, respectively, repress or 
activate differentiation, working myocardial gene expression and proliferation. Id2 acts independently 
from Tbx3, but is not sufficient to repress differentiation and proliferation.
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Abstract
Aim: Treatment of disorders of the sinus node or the atrioventricular node requires 
insights into the molecular mechanisms of development and homeostasis of these 
pacemaker tissues. In the developing heart, transcription factor TBX3 is required for 
pacemaker and conduction system development. Here, we explore the role of TBX3 in the 
adult heart and investigate whether TBX3 is able to reprogram terminally differentiated 
working cardiomyocytes into pacemaker cells. 

Methods and results: TBX3 expression was ectopically induced in cardiomyocytes 
of adult transgenic mice using tamoxifen. 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 reduced maximum diastolic potential, thus enabling spontaneous 
diastolic depolarization. Neither ectopic pacemaker activity nor pacemaker current If, 
was observed. Lentiviral expression of TBX3 in ventricular cardiomyocytes resulted 
in conduction slowing and development of heterogeneous phenotypes, including 
depolarized and spontaneously active cardiomyocytes. 

Conclusions: TBX3 reprograms 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 TBX3 characteristics that may facilitate 
biological pacemaker formation strategies.
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Introduction 
Disorders of the pacemaker and conduction system tissues may cause life-threatening 
arrhythmias requiring medication, surgery or implantation of electronic pacemakers1. 
Repair or regeneration of diseased pacemaker myocardium would be a preferable 
alternative. Currently, although knowledge regarding morphology, development and 
electrophysiological properties of the cardiac pacemaking and conduction system has 
increased substantially2-4, no such treatment is available.

Pacemaker myocardium differs from the working myocardium in many aspects4,5. 
Key properties of pacemaker cells are a reduced maximum diastolic potential (MDP), a 
slow action potential (AP) upstroke velocity, high intercellular resistance, which result in 
slow impulse propagation, and spontaneous diastolic depolarization (DD). In contrast to 
pacemaker cells, working cardiomyocytes have a stable resting membrane potential (~ 
- 80 mV) maintained by the inwardly rectifying K+ current, IK1. In pacemaker cells IK1 
is virtually absent6. If IK1 is subjected to dominant suppression in working myocardial 
cells, these cells become spontaneously active7. 

Diastolic depolarization is the result of a delicate balance of inward and outward 
currents controlled by several voltage-dependent ion channels in the plasma membrane, 
together designated the ‘membrane’ or ‘voltage’ clock4. Ion channels that contribute 
to the membrane clock are hyperpolarization-activated cyclic nucleotide gated (Hcn) 
channels, also known as funny channels (If), T-type and L-type Ca2+ channels (ICaT and 
ICaL), and delayed rectifier K+ channels (IK). In the intracellular space, Ca2+ cycling has 
been shown to contribute to diastolic depolarization through orchestrated Ca2+ releases 
from the sarcoplasmic reticulum (SR) and the Na+/Ca2+ exchanger (Incx), designated the 
‘Ca2+ clock’8.

Another important feature of the sinus node is a critical degree of uncoupling from 
its surrounding myocardium. Uncoupling relieves potential current-to-load mismatch 
between the pacemaker tissues and the hyperpolarizing atrial working myocardium9. 
Electrical uncoupling is achieved through the virtual absence of fast propagating 
connexins, Cx40 (Gja5) and Cx43 (Gja1), and presence of slow propagating connexins, 
Cx30.2 (Gjd3) and Cx45 (Gjc1)10, 11. Furthermore, structural uncoupling is provided by 
connective tissue and a reduction in gap junction channel density in the sinus node12. 

NaV1.5, encoded by Scn5a, is the major cardiac alpha-subunit of the Na+ current 
(INa), and is required for the fast upstroke of the AP. In working myocardium NaV1.5 is 
required for fast conduction. The expression of Scn5a is low or absent in the sinus node 
of different species11. In the periphery of the sinus node, NaV1.5 has been proposed to 
be crucial for proper transfer of the cardiac impulse to the surrounding myocardium13.

T-box (Tbx) factor 3 is an evolutionary conserved transcription factor required for 
development of many tissues. Heterozygous mutations in TBX3 cause the ulnar-mammary 
syndrome of congenital malformations14. Previously, we found that Tbx3 is specifically 
expressed in all components of the conduction system, not including the Purkinje 
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fibers, in the developing, post-natal and adult heart15. In the embryonic heart, Tbx3 
suppresses differentiation into working myocardium in the developing sinus node and 
atrioventricular bundle, allowing these cells to acquire the pacemaker phenotype16,17. 
Tbx3 is required for the functional maturation and post-natal homoeostasis of the 
conduction system in a highly dosage-sensitive manner18. Moreover, ectopic activation 
of TBX3 in embryonic atrial myocytes in vivo resulted in suppression of Gja5 and 
Gja1, induction of Hcn4, and the formation of ectopic pacemaker sites within the atrial 
myocardium16. 

While the importance of TBX3 for the development of the conduction system has been 
recognized, its role in the adult heart has not been addressed. More specifically, it is not 
known whether TBX3 is able to impose the pacemaker phenotype on adult terminally 
differentiated working myocytes. In this study, we show that TBX3 suppresses working 
myocardial genes, induces diastolic depolarization, modifies the mechanism underlying 
spontaneous activity, and reduces the velocity of impulse propagation.

Methods 
For a detailed description of methods, statistics, buffer compositions and sequences, see 
Supplementary file 1.

Mice. CAG-CAT-TBX3 (CT3) heterozygous mice16 were crossed with Myh6-MerCreMer 
(MCM) mice19. Tamoxifen (Sigma T5648) was injected intraperitoneally (100 mg per 
day) for 4 days in adult males. On day 5 mice were anaesthetized in a CO2/O2 mixture 
and subsequently killed by cervical dislocation. Alternatively, mice were killed with an i.p. 
shot of 30 mg pentobarbital. NppaCre;CT316 and Z/EG reporter mice20 were previously 
described. Animal care and experiments conform with the Directive 2010/63/EU of 
the European Parliament and with national and institutional guidelines (Animal Care 
and Use Committee of the Academic Medical Center and University of Amsterdam, 
approval DAE 1001157).

Quantitative real-time PCR. Total RNA was isolated from left atrial appendages and apex 
myocardium (Machery-Nagel kit) and reverse transcribed into cDNA using Superscript 
II (Qiagen, 200 ng entry). Expression was assayed using the Roche Lightcycler 480 system 
and analyzed using the LinRegPCR software21. Values were normalized to Gapdh. 

Microarray analysis. Labeled antisense RNA samples derived from 60 µg of total RNA 
were hybridized to Illumina Mouse-Ref-6 BeadChips (Illumina, Inc.). Beadstudio 
software was used to assess individual array quality. Probe signals were normalized 
using VSN in R22. Analysis of differentially expressed genes was done with the LIMMA 
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package in R23. Microarray data are available at the Gene Expression Omnibus database 
(http://www.ncbi.nlm.nih.gov/projects/geo) under series GSE31969.

Immunohistochemistry. Paraplast sections (7 μm) were fluorescently labeled overnight. 
Antibodies used were goat anti-Tbx3 (Santa Cruz 31656, 1:200) with biotinylated donkey 
anti-goat (1:250), and anti-Gja1 (BDtransd 610061, 1:200) with Alexa Fluor 488 donkey 
anti-mouse IgG (1:250). For detection of biotinylated antibodies we used the TSA 
Enhancement kit (Perkin&Elmer, NEL702).

Cellular electrophysiology. Single cells were isolated from left atrial appendages by 
enzymatic dissociation24. APs and net membrane currents were recorded at 36±0.2ºC 
with the amphotericin-B perforated patch-clamp technique using an Axopatch 200B 
Clamp amplifier (Molecular Devices Corporation, Sunnyvale, CA, USA). In cells 
without pacemaker activity, APs were elicited at 2 or 4-Hz by 3-ms, 1.5´ threshold 
current pulses through the patch pipette. Parameters from 10 consecutive APs were 
averaged. Net membrane current was recorded using 500-ms hyper- and depolarizing 
voltage-clamp steps from a holding potential of -40 mV, every 2 seconds. We analyzed 
the current at the end of the voltage-clamp steps, i.e., the quasi-steady-state current, and 
the current by stepping back to the – 40 mV holding potential. IK1 and IK were defined as 
the quasi-steady-state current at the end of the voltage-clamp steps at potentials negative 
or positive to -30 mV, respectively. INa was defined as the instantaneous tail current 
when stepping back to the holding potential. Membrane currents were normalized for 
cell capacitance.

Electrical recordings. On a Langendorff perfusion set-up, local electrograms were 
recorded from the left ventricle using a multi-electrode during sinus rhythm, ventricular, 
and atrial pacing at a basic cycle length of 120 ms, and twice the diastolic stimulus. Local 
electrograms were acquired using a custom-built 256 channel data acquisition system. 

Optical recordings. Atrial preparations were placed in an optical mapping set-up. 
Fluorescence (filtered >610nm) was transmitted through a tandem lens system on a 
photo diode array (16x16 elements) connected to a data-acquisition system (biosemi 
Mark-6). 

Neonatal rat ventricular myocyte (NRVM) cultures. Neonatal rats were sacrificed by 
decapitation. Ventricular myocytes were obtained from 6 to12 neonatal rats and cultured 
in monolayers or in low density single cell preparations. A bicistronic TBX3 lentiviral 
expression vector was generated by cloning human TBX3 into pRRL-cPPT-CMV-X2-
IRES-EGFP-PRE-SIN (LV-TBX3-EGFP)25. EGFP vectors (LV-EGFP) served as a control. 
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Neonatal rat ventricular myocytes (NRVMs) were transduced in the presence of 8 μg /ml 
Polybrene (Sigma) on day 4.

Results

Induced expression of TBX3 in the working myocardium of adult hearts
We aimed to induce expression of TBX3 in adult, fully differentiated working 
cardiomyocytes. Therefore, we crossed transgenic mice bearing a construct that 

Figure 1 A, cartoon depicting tamoxifen-inducible Cre-loxP recombination. Tamoxifen binds to 
MCM, whereby tamoxifen-MCM enters the nucleus and enables Cre to bind to loxP-sites in the 
target construct and remove the stop cassette. B, fluorescent immunohistochemistry sections 
demonstrating induced expression of TBX3 and reduced abundance of Cx43 in tamMCM;CT3 in 
the atrium (magnification of the tip of the left atrial appendage). C, qRT-PCR analysis to determine 
recombination efficiency. CAT primer set identifies the proportion of non-recombined DNA, 
indicating that recombination is more than 60%. The loxP primer set detects mRNA transcribed 
from recombined CT3 only, indicating no recombination without tamoxifen.TBX3-target gene Gja1 
(Cx43) is specifically down-regulated in tamMCM;CT3, while expression is unchanged in control 
groups. D, fluorescent imaging demonstrating efficient recombination of tamMCM with fluorescent 
reporter Z/EG. E, abbreviations of the used mouse models. 
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Figure 2 A, pie-chart representing microarray results in the tamMCM;CT3 model. Lower panel: GO 
terms that are enriched in the group of differentially expressed transcripts (up- or down-regulated). 
B-E, qRT-PCR analysis depicting change in gene expression in atrial samples of tamMCM;CT3 
hearts in a set of working myocardium-enriched genes (B); a set of general cardiac transcription 
factor genes (C); and a set of pacemaker -enriched genes (D). E, depicts change in gene expression of 
ventricular samples. F, official gene names and more commonly used aliases or protein names.
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expresses a tamoxifen-inducible Cre construct under control of the Myh6 promoter 
(MCM), with mice carrying a Cre-inducible TBX3 expression construct (CT3; Fig. 1A)16. 
Upon injection of tamoxifen, these mice initiate expression of TBX3 in cardiomyocytes. 
Immunostainings confirmed the presence of TBX3 in nuclei of working cardiomyocytes 
of tamoxifen-treated MCM;CT3 (tamMCM;CT3) mice (Fig. 1B). Tamoxifen-treated 
MCM (tamMCM) mice served as a control. We performed qRT-PCR to assess the 
amount of mRNA transcribed from unrecombined and recombined DNA to determine 
the efficiency of recombination. These experiments revealed an efficiency of ~60% 
and no recombination without tamoxifen (Fig. 1C). MCM mice were also crossed with 
mice with a Cre-inducible green fluorescent protein (EGFP) encoding gene (Z/EG). 
Double heterozygous MCM;Z/EG mice initiate expression of EGFP upon tamoxifen 
administration and visually confirm efficient recombination (Fig. 1D). 

TBX3 efficiently down-regulates working myocardial genes
To assess the functionality of ectopically expressed TBX3, we analyzed the expression 
of Gja1 (Cx43), which has been shown to be repressed by TBX3 during embryonic 
development16. Immunostainings demonstrated reduced amounts of Cx43 in 
tamMCM;CT3 hearts (Fig. 1B). qRT-PCR confirmed a six-fold down-regulation of Gja1 
(Fig. 1C) indicating a rapid and significant down-regulation of this TBX3 target gene in 
this model. 

To identify genes and gene repertoires controlled by TBX3, we performed genome-wide 
expression profiling by microarray analysis of six left atrium samples of tamMCM;CT3 
mice and six tamMCM controls. We collected RNA from left atrial appendages, arguing 
that this cell population is not “contaminated” with conduction system component 
tissue. Furthermore, we wanted to compare these results with previous data, which 
indicated that during embryogenesis TBX3 was able to reprogram atrial myocardium 
into functional ectopic pacemaker tissue16. 

Of 14,527 (33% of total) transcripts detected by the array, 12,844 (88%) were 
not significantly influenced by TBX3, 1,064 (7.3%) were down-regulated, and 1,018 
(7.0%) were up-regulated (Fig. 2A). A list of all differentially expressed transcripts is 
available in the online material (Supplementary file 2). TBX3 was enriched 43 times, 
Gja1 was down-regulated 4 times, and Gja5 down-regulated 17 times (P-value <0.05). 
Down-regulation of Nppa was not observed, probably because signal saturation occurred 
due to the high expression of Nppa in the heart.

To functionally categorize the differentially expressed transcripts, the data set was 
clustered into function categories using the GeneOntology (GO) database. Next, we 
calculated which GO categories were significantly over-represented in the groups of 
differentially expressed transcripts, using the Database for Annotation, Visualization 
and Integrated Discovery (http://david.abcc.ncifcrf.gov) bioinformatics tool. Comparing 
differentially expressed transcripts in hearts of tamMCM;CT3 mice with all transcripts 
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on the array, GO terms associated with ‘nervous system development’, ‘ion transport’, and 
‘muscle development’ were significantly enriched (p-value <0.05; Fig. 2A). Differentially 
expressed ion channel-related genes are depicted in the Supplementary file 3, which 
includes previously mentioned TBX3 target genes, such as Gja1, but also many genes 
that have not been related to TBX3 regulation or to the conduction system. Interestingly, 
a substantial number of Ca2+ handling genes were influenced by TBX3.

To validate the microarray results and determine the response of several key genes not 
detected by the microarray, we performed qRT-PCR on the same atrial samples. Analysis 
revealed that expression of important working myocardium-enriched genes was 
down-regulated in tamMCM;CT3. These genes include Gja1, Gja5, Scn5a, and Nppa 
and inwardly rectifying K+ channels Kcnj2 (Kir2.1), Kcnj3 (Kir3.1), and Kcnj12 (Kir2.2; Fig. 
2B). The contractile apparatus is poorly developed in pacemaker cells26. The expression 
of one of its components, the cardiac troponin I encoding gene Tnni3, was reduced to 
41% (p<0.001). Cardiac transcription factors Nkx2.5 and Gata4, which are important for 
both working and pacemaker myocardium, were not deregulated, indicating that TBX3 
specifically represses working myocardium-enriched genes (Fig. 2C). 

We observed up-regulation of pacemaker channel Hcn1 (Fig. 2D), whereas Hcn4 
was not up-regulated. Furthermore, pacemaker-enriched Ca2+ channel encoding genes 
Cacna1d (CaV1.3) and Cacna1g (CaV3.1) and slow conducting gap junction subunit 
encoding gene Gjd3 (Cx30.2) were also not up-regulated. In contrast, Lbh was strongly 
up-regulated. This putative repressor of Nppa27 was previously found to be enriched in 
the sinus node and highly responsive to TBX3 in the developing heart16. 

To assess whether TBX3 reprograms ventricular myocytes in a similar way, we 
also analyzed gene expression in the apex myocardium. As depicted in Figure 2E, we 
found significant down-regulation of Gja1 (17-fold), Scn5a (3-fold), and Kcnj12 (3-fold), 
indicating similar reprogramming capabilities of key working myocardial genes by TBX3 
in atrial and ventricular myocardium. Hcn4 was not up-regulated. It was down-regulated 
instead, although expression levels of Hcn4 in ventricular cardiomyocytes are very low.

Expression of TBX3 in adult cardiomyocytes leads to conduction slowing
The conduction velocity of the electrical impulse was measured in freshly isolated atrial 
preparations and in the ventricular myocardium of whole hearts on a Langendorff 
perfusion set-up. We recorded epicardial electrograms and performed optical mapping 
and measured a two-fold reduction in the conduction velocity in both cardiac 
compartments of tamMCM;CT3 mice (Fig. 3A-B). ECG recordings in living animals 
showed QRS broadening, confirming the loss of fast-conducting properties of the 
working myocardium (data not shown).

Right atrium preparations always contracted spontaneously, presumably due to the 
presence of remnants of pacemaker tissue. These samples served as positive controls. 
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Figure 3 A, conduction velocity is reduced in tamMCM;CT3 myocardium. Reconstruction of 
activation maps of the atrium and ventricle of tamMCM and tamMCM;CT3 mice after stimulation. 
Note the crowding of isochrones in tamMCM;CT3. B, Bar graphs representing average conduction 
velocities calculated from the activation maps. C, spontaneous and stimulated activity of right and 
left atrial preparations of tamMCM and tamMCM;CT3 mice.

Left atrium preparations of tamMCM;CT3 mice did not initiate any spontaneous 
contractions, indicating that no functional pacemaker sites were formed (Fig. 3C). 

TBX3 imposes pacemaker properties on adult working myocardial cells
To determine the role of TBX3 in the regulation of electrophysiological properties, 
single atrial cardiomyocytes were isolated. Figure 4A shows typical APs of cells isolated 
from control and TBX3-expressing atria. Almost all control cells (96%), but only 50% 
of tamMCM;CT3 cells were excitable (Fig. 4B). No significant differences in MDP, 
AP amplitude (APA), maximum upstroke velocity (Vmax), or AP duration (APD) were 
observed (Fig. 4C). The excitable cells of tamMCM;CT3 hearts most likely represent 
cardiomyocytes that did not initiate expression of TBX3, which is in line with our finding 
that the recombination efficiency of the model is ~ 60% (Fig. 1C). The inexcitable cells 
of the tamMCM;CT3 hearts were depolarized and had an MDP of ~ -50 mV (Fig. 4A).

Next, cells were subjected to a generic voltage-clamp protocol, without specific channel 
blockers. Figure 4D shows typical current traces in response to a hyperpolarization 
voltage clamp step to –100 mV from a holding potential of –40 mV. Time-dependent, 
inward currents that activated upon the hyperpolarizing voltage steps were not observed 
(Fig. 4D), indicating the absence of If. Quasi-steady-state currents at the end of the 
voltage-clamp steps at potentials negative or positive to -30 mV were defined as IK1 and 
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IK, respectively. While IK1 and IK in excitable tamMCM and tamMCM;CT3 cells were 
similar, they were significantly smaller in the depolarized, inexcitable tamMCM;CT3 
cells (Fig. 4E). These findings are in line with our finding that TBX3 reduces the 
expression of Kcnj2, Kcnj3, and Kcnj12. 

We observed large inward currents that rapidly activated and inactivated upon 
switching of the hyperpolarizing pulses of –60 mV and more negative (Fig. 4D). In control 
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Figure 4 A, typical APs of tamMCM;CT3 and tamMCM cells. B, percentage of excitable cells. C, 
AP characteristics of excitable cells. D, current traces in response to a hyperpolarization voltage 
clamp step to –100 mV from a holding potential of –40 mV. Please note that a time-dependent 
hyperpolarization-activated current is absent. Inset, currents with adapted amplifiers settings. E, 
current-voltage (I-V) relationships of steady-state currents. F, I-V relationship of Na+ current (INa). 
G-H, NppaCre;CT3;Z/EG and NppaCre;Z/EG cells. G, typical APs. H, average AP characteristics. 
Abbreviations: APs indicates action potentials; APA, AP amplitude; APD20, 50, 90, AP duration at 
20, 50 and 90% of repolarization; depol, depolarized; MDP, maximum diastolic potential; Vmax, 
maximum upstroke velocity. * indicates p-value < 0.05; n, number of cells; N, number of animals the 
cells were derived from.
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and excitable tamMCM;CT3 cells, these currents were typically saturated. Figure 4D 
(inset) shows the currents with adapted amplifier settings, and demonstrates that the 
amplitude exceeds 5 nA. Given their amplitude and time course, these transient inward 
currents are most likely INa, which activates by the depolarizing voltage step at the end of 
the protocol. This current is significantly smaller in inexcitable tamMCM;CT3 cells (Fig. 
4D inset, 4F), which is in line with our finding of transcriptional repression of Scn5a.

Developmental activation of TBX3 converts cardiomyocytes into 
pacemaker cells
Previously, we observed that TBX3, when activated in embryonic atrial cells, creates 
ectopic pacemaker sites, including functional If

16. To investigate, at the cellular level, 
whether TBX3 transforms atrial cells into pacemaker-like cells, we generated triple-
transgenic (NppaCre;CT3;Z/EG) mice. These mice express Cre specifically in the atria, 
inducing recombination in CT3 and Z/EG, resulting in co-expression of TBX3 and EGFP 
in atrial cardiomyocytes. Electrophysiological properties of isolated single cells were 
compared with NppaCre;Z/EG control cells. Figure 4G shows typical APs. Eight out of 

Figure 5, Venn diagram of the comparison of differentially expressed transcripts in tamMCM;CT3 
and NppaCre;CT3. Note that 333 transcripts are differentially expressed in both models. Lower 
panel: GO terms that are enriched in the 3 groups of differentially expressed transcripts. The entire 
list of enriched GO terms is available (Supplementary file 5).
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10 EGFP-positive NppaCre;CT3;Z/EG cells showed diastolic depolarization resulting in 
spontaneous APs with an average cycle length of 212±24 ms, whereas all EGFP-positive 
NppaCre;Z/EG cells (n=8) were quiescent and had a stable resting membrane potential. 
All quiescent EGFP-positive cells could be stimulated indicating that the cells were 
viable. Diastolic depolarization was absent in NppaCre;Z/EG cells. All AP parameters 
of NppaCre;CT3;Z/EG cells, except the APD at 90% of repolarization (APD90), differed 
significantly from control cells (Fig. 4H). Together, these experiments indicate that TBX3 
induces pacemaker function in adult atrial cells when expressed from embryonic stages 
onwards.

To gain insight into the differences between embryonic and adult reprogramming 
capabilities of TBX3, we compared microarray results obtained from the tamMCM;CT3 
model with the NppaCre;CT3 model. Of ~1100 and ~1400 transcripts that were 
differentially expressed in tamMCM;CT3 and NppaCre;CT3, 333 transcripts were 
differentially expressed in both models, suggesting that these are targets of TBX3 (Fig. 5). 
Gene ontology analysis revealed that GO terms associated with ion transport, cell cycle 
regulation, muscle development, and nervous system development are over-represented 
in this group, indicating that these pathways might be regulated by TBX3. Table 1 lists 
genes that are differentially expressed in both models and encode ion channels, ion 
channel related proteins or cell cycle regulators, and genes involved in nervous system 
and muscle development. Most of the transcripts encoding ion channels/transport 
proteins that were differentially expressed in both mouse models were down-regulated. 
Only two ion transport transcripts were up-regulated in both models [Gjc2 (Cx47 or 
Gja12) and Atp1b1]. Both have not yet been related to the conduction system or to TBX3, 
but might be of significant importance to pacemaker function, which needs further 
exploration.

Reprogramming of NRVMs by TBX3
To explore more clinically applicable alternatives of cell reprogramming by TBX3 in order 
to assess potential usefulness in biological pacemaker engineering, we studied lentiviral 
TBX3 gene transfer in monolayers of NRVMs and characterized basic electrophysiological 
properties of the transduced monolayers and single cells. Monolayers transduced with 
LV-TBX3 and stimulated at 2 Hz exhibited major reductions in the conduction velocity 
(Fig. 6A-B). Spontaneous beating rates were not influenced by over-expression of TBX3 
(Fig. 6C).

All single LV-EGFP cells (n=12) exhibited one functional phenotype, which was 
spontaneous activity based on delayed afterdepolarizations (DADs; Fig. 6D). We defined 
this as the wild-type (WT) phenotype. LV-TBX3-EGFP transduced myocytes exhibited 
3 phenotypes (Fig. 6D): 9 out of 28 (32%) were WT, 7 (25%) exhibited spontaneous 
activity based on DD-type, and 12 (43%) were depolarized and inexcitable (DI-type). AP 
parameters of ‘WT’ LV-TBX3-EGFP cells did not differ significantly from LV-EGFP cells, 
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except for APA and Vmax (Fig. 6E). DD-type LV-TBX3-EGFP cells had more depolarized 
MDP, lower APA, and a lower Vmax than WT LV-TBX3-EGFP cells (Fig. 6E). 

Voltage-clamp experiments revealed absence of If in all groups (Fig. 6F). While IK1 
density was similar in LV-EGFP and WT LV-TBX3-EGFP cells, IK1 appeared smaller in 
DD-type and almost absent in DI-type LV-TBX3-EGFP cells (Fig. 6G). These findings are 

Figure 6, TBX3 over-expression in NRVMs A, optical activation maps at 2Hz stimulation B, average 
conduction velocities C, average beating rate D, typical APs of LV-EGFP and LV-TBX3-EGFP cells. 
We observed three AP phenotypes within the LV-TBX3-EGFP cells: 1) WT-like spontaneous APs, 2) 
spontaneous APs based on diastolic depolarization (DD), 3) depolarized and inexcitable cells (DI). 
E, average AP characteristics. F, current traces in response to a hyperpolarization voltage clamp step 
to –100 mV from a holding potential of –40 mV G, I-V relationships of steady-state currents. H, 
I-V relationships of INa. * indicates p-value <0.05 DI versus EGFP, WT and DD; $, p-value <0.05 
DI versus EGFP and WT; &, p-value <0.05 DI versus DD; ǂ, p-value <0.05 DI versus EGFP and DD; 
#, p-value <0.05 EGFP versus WT and DD; ¶, p-value <0.05 EGFP versus WT; n, number of cells 
analyzed, derived from 5 cell isolations, 6 to 12 neonatal rats per isolation.
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in line with the reduced MDP in these cells (Fig. 6E). In comparison with LV-EGFP cells, 
INa density was smaller in all types of LV-TBX3-EGFP cells (Fig. 6H). Taken together, 
TBX3 over-expression in these cardiomyocytes causes reduced conduction velocities, 
reduced IK1 and reduced INa, which is consistent with our findings in our transgenic 
mouse model. The variation in phenotype of the LV-TBX3-EGFP cells is probably due 
to differences in the level of TBX3 expression, because the expression of lentivirally 
delivered transgenes strongly depends on the integration site.

Discussion 
In this study, we assessed the capability of TBX3 to reprogram adult working 
cardiomyocytes into pacemaker cells. In vitro and in vivo studies revealed that TBX3 
efficiently suppresses intercellular conduction, INa, and IK1. This indicates that TBX3 
can induce a switch from the working myocardial phenotype to a pacemaker-like 
phenotype and therefore may provide a useful tool in biological pacemaker engineering.

Cell-to-cell coupling and INa
Reduced intercellular coupling and slow propagation of the electrical impulse within 
pacemaker tissues are crucial to overcome current-to-load mismatch. Both in silico9 
and functional28,29 studies have demonstrated that these properties are important 
for pacemaker robustness and stability. In the sinus node, relative uncoupling is 
established by the presence of fewer intercellular connexins. Furthermore, the 
expression of fast-conducting gap junction encoding genes is lower and the expression of 
slow-conducting gap junction subunit encoding genes is higher than in the surrounding 
myocardium6,30. Conduction also depends on INa, which is reduced in the sinus node, 
resulting in a slower upstroke velocity of the AP31. 

We found that induced expression of TBX3 resulted in reduced expression of fast 
conducting gap junction encoding genes Gja1 and Gja5. In addition, NaV1.5-encoding 
gene Scn5a, and Fgf12, a modifier of voltage-gated Na+ channels32, are expressed 
at low levels in the sinus node compared with working myocardium11 and were 
significantly down-regulated in tamMCM;CT3 animals. Accordingly, INa was reduced 
in tamMCM;CT3 cells. Fgf12 function has not been implicated in the heart, but in 
neurons, it has been shown to be crucially important for excitability32. Consistent with 
the reduced expression of fast conducting gap junctions and INa, conduction velocities 
were significantly reduced in the hearts of TBX3-expressing mice and the monolayers of 
NRVMs. 
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Automaticity
The diastolic depolarization phase is controlled by a delicate balance of various inward 
and outward currents, the ‘voltage clock’4, and intracellular Ca2+ cycling molecules, the 
‘Ca2+ clock’, as reviewed in detail by Lakatta et al8. An MDP around ~ –60 mV and 
diastolic depolarization are key features of pacemaker cells, resulting in automaticity of 
the cell. The relatively depolarized MDP is due to virtually absent IK1

6, which enables 
diastolic depolarization. We found that induced expression of TBX3 results in reduced 
expression of IK1-encoding Kir-genes Kcnj2, Kcnj3, and Kcnj12, and reduced IK1 density. 
Consequently, the membrane potential was more depolarized in TBX3 expressing cells. 
We found several degrees of depolarization, which is likely related to various degrees of 
IK1 down-regulation (Fig. 6H). 

TBX3 did not induce the complete pacemaker phenotype in adult myocardium in 
vivo, as it did not induce diastolic depolarization. Although pacemaker-enriched genes 
Hcn1 and Lbh were induced by TBX3, pacemaker gene Hcn4 was not up-regulated and 
a measurable If was absent, which could be a limitation in the use of TBX3 alone in 
the formation of a biological pacemaker. In contrast, immature cardiomyocytes can 
still be (re)programmed into fully functional pacemaker cells. Changes during myocyte 
maturation in the epigenetic state of the chromatin or in the presence or activity of 
particular co-factors of TBX3 may underlie this difference. Identification of these 
epigenetic factors or co-factors may further increase our understanding of the molecular 
mechanisms underlying pacemaker formation. Long term expression of TBX3 in adult 
working myocytes may allow induction of the pacemaker gene program. However, our 
inducible model is not suitable to test this hypothesis because tamMCM;CT3 animals 
develop heart failure and die 8 to 10 days after initial tamoxifen administration.

We also found that expression levels of a substantial number of intracellular Ca2+ 
handling genes, including ryanodine receptor 2 and calcium/calmodulin-dependent 
protein kinases were changed by TBX3 (Supplementary file 3). These changes in gene 
expression could have a significant effect on intracellular Ca2+ handling and the Ca2+ 
clock, for example reduced SR Ca2+-releases caused by down-regulation of Ryr2. We 
found that Ryr2 was down-regulated 2.8 times, which is consistent with the finding that 
the expression of Ryr2 is reduced in the sinus node4, 5. 

Other pacemaker myocyte properties
The contractile apparatus is poorly developed in pacemaker cells3. Microarray analysis 
revealed that genes involved in muscle development were over-represented in the 
group of differentially expressed genes. qRT-PCR confirmed that the expression of the 
cardiac troponin I encoding gene Tnni3 (cTnI) was reduced. Although this property of 
pacemaker cells may not be crucial for pacemaker function, it indicates the broad range 
of pacemaker properties regulated by TBX3. 
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In contrast to working cardiomyocytes, pacemaker myocytes proliferate slowly 
during embryogenesis3. The functional gene group ‘regulation of the cell cycle’, and 
other GO terms involved in cell cycle, proliferation, and cell death, were enriched 
in tamMCM;CT3 atria (Supplementary file 4), indicating that TBX3 is involved in 
regulation of proliferation of pacemaker cardiomyocytes. This is consistent with the 
observation that during development, conduction system cells exit the cell cycle under 
the influence of TBX317. In myocyte monolayers, transduced with high amounts of 
virus, we observed increased cell death. However, cell death was not observed in the 
monolayers transduced at moderate MOI used in this study nor was it observed in the in 
vivo models, suggesting that the dose of TBX3 needs to be carefully controlled for use in 
biological pacemaker formation. Alternatively, modified isoforms of TBX3 or less potent 
T-box factor family members that also act as repressor could be tested for their use in 
reprogramming myocytes. 

The sinus node, the atrioventricular node, and in particular the His bundle are 
embedded in connective tissue and extracellular matrix, and this insulation is crucial 
for proper function2. Like in the NppaCre;CT3 model, we found that transcripts 
involved in the formation of connective tissue and extracellular matrix, i.e. collagens, 
were significantly enriched in the tamMCM;CT3 model, indicating that this process 
is directly stimulated by TBX3 in the myocardium. Accordingly, ectopic expression 
of TBX3 in embryonic hearts induced subendocardial mesenchyme formation and 
extracellular matrix formation (unpublished data). Therefore, we hypothesize that TBX3 
is involved in the formation and regulation of the connective tissues surrounding the 
pacemaker and conduction system components. 

Creating a biological pacemaker
Biological pacemakers are able to initiate the cardiac impulses and transfer them to 
the surrounding myocardium. They can be derived from embryonic, mesenchymal or 
induced pluripotent stem cells, which have been reprogrammed into pacemaker cells via 
tissue-engineering technology. TBX3 may be useful to efficiently force these embryonic 
cells along the pacemaker lineage. Alternatively, cells can be targeted ‘in vivo’ via direct 
gene transfer, in which case TBX3 could be useful to impose several important pacemaker 
properties on the targeted myocardium. Over a decade of experimental research has 
generated robust proof-of-concept data on gene-based biological pacemakers (reviewed 
in Rosen et al.33). Most efforts have focused on impulse generation. In these studies, 
dominant negative suppression of Kcnj27, over-expression of HCN1, -2, and -434,35 and 
over-expression of β2-adrenergic receptors36 have been demonstrated to be successful. 
Improvements were made when strategies were combined37,38. While gene transfer of 
HCN channels appears most promising because of direct modulation of function by 
autonomic stimuli, beating rates in the HCN-based approach are still suboptimal. A 
likely explanation for the suboptimal function is the current-to-load mismatch between 
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HCN over-expressing cells and the surrounding myocardium. An effective strategy to 
reduce or prevent such mismatch may be provided by co-expression of TBX3 and HCN 
or other pacemaker genes. Our study indicates that TBX3 is a powerful factor to reduce 
intercellular coupling via down-regulation of Gja1 and Gja5 and to reduce intracellular 
electrical load via down-regulation of inwardly rectifying genes, thereby enabling 
spontaneous diastolic depolarization in adult cardiomyocytes. These modifications will 
likely increase biological pacemaker rate and stability. 
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Supplementary file 1
Mice. Transgenic mice were identified before and after experiments by PCR. Genotype 
confirmation pcr primer sequences:
CAT: FW/ CAGTCAGTTGCTCAATGTACC, R/ ACTGGTGAAACTCACCCA
GFP: FW/ CGACGTAAACGGCCACAAGTT, R/ TTGATGCCGTTCTTCTGCTTGT
Cre: FW/ GGTTCGCAAGAACCTGATGGACAT, R/ GCTAGAGCCTGTTTTGCACGTTCA 

To exclude that a previously reported tamoxifen/Cre-induced hypertrophy response1 
would influence our findings, we measured expression of hypertrophy markers Nppa 
(ANF) and Nppb (BNP). Expression levels of these genes were not different between 
hearts of tamMCM;CT3 mice and controls (Supplementary Figure 1- this supplement).

Supplementary Figure 1. Hypertrophy markers Nppa and Nppb were not up-regulated in 
tamMCM;CT3 hearts. Cre has been reported to induce hypertrophy. In left left atrial and ventricular 
samples we assessed expression levels of hypertrophy response markers Nppa and Nppb.

Quantitative real-time PCR. Total RNA was isolated from left atrial appendages and 
apex myoccardium using the total RNA isolation Kit (Machery-Nagel) according to 
the manufacturer’s protocol. 200 ng of total RNA was reversed transcribed into cDNA 
using the Superscript II reverse transcription kit (Qiagen). Expression of different genes 
was assayed using the Roche Lightcycler 480 system. Target quantities were calculated 
using LinRegPCR software2. Values were normalized to Gapdh. 6 tamoxifen-treated 
Myh6MCM;CT3 (tamMCM;CT3) animals were compared with 6 tamoxifen-treated 
Myh6MCM (tamMCM) controls. Genes were considered differentially expressed if 
p-value was <0.05, using the two-tailed unpaired Student t-test. These are the primer 
sequences used: 
Cacna1d: FW/ CTTGGGGGAACAGGAGTATT, R/ CCAGTGGGAGAGTCATCATC

Cacna1g: FW/ CGTCCTGCTCTCTAGCTCTG, R/ CTTCCTCACAGTCAGCAGGT
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CAT: FW/ CAGTCAGTTGCTCAATGTACC, R/ ACTGGTGAAACTCACCCA

Gapdh: FW/ TGTCAGCAATGCATCCTGCA, R/ CCGTTCAGCTCTGGGATGA

Gata4: FW/ TGAAGAGATGCGCCCCATCAA, R/ ATAGCCTTGTGGGGACAGCT

Gja1: FW/ AGTACCCAACAGCAGCAGAC, R/ AAATGAAGAGCACGACAG

Gja5: FW/ GGAAGACGGGCTGTTCCA, R/ CCCATTTCAGAAAACAAACACA

Gjd3: FW/ GCAGGAGGAGTTCGTGTGTA, R/ AGGATGTGGAAGAGCCAGA

Hcn1: FW/ CAGACTCAGACTCAGCAGCA, R/ TGTGCTCTTGTGCACTTCAT

Hcn2: FW/ ACAATTTCAACGAGGTGCTG, R/ CTTGTGCAGCAAGATGCAGT

Hcn4: FW/ TCCTTGATCCCTTCAGCTCT, R/ AGAGAATCCAGCCAGCTGTT

Hop: FW/ TTGAATTCATTTAAGCAGACAGGCACCA, R/ TTAAAGCTTACATCAAAACAGCCTGGGTA

Kcnd2: FW/ AGAGGCAGTGTGCAAGAACT, R/ GTGGTTACTGGAGGTGTTGG

Kcnj12: FW/ GGTCACAGAGGAGGGTGAGT, R/ TCTGTCTCAAGGTCCTGACG

Kcnj2: FW/ GTGGCTTGTGACCCTCTGTA, R/ TCTCGACGCTTCTCTCTTGA

Kcnj3: FW/ TGGAAACCACAGGAATGACT, R/ CATGGAACTGGGAGTAATCG

Lbh: FW/ TATTTCCCCATTCACTGCTC, R/ TCAGTGGGTTCCACCACTAT

loxP: FW/ GCAAAGAATTCAAGCTGGG, R/ ATTCGATCGATACCGTCGAC

Nkx2.5: FW/ CATGCCAACATCAGCTGACCA, R/ CGCCCTATCCCAGACCTCTT

Nppa: FW/ TTCCTCGTCTTGGCCTTTTG, R/ CCTCATCTTCTACCGGCATCTTC

Nppb: FW/ GTCCAGCAGAGACCTCAAAA, R/ AGGCAGAGTCAGAAACTGGA

Scn5a: FW/ GGGACTCATTGCCTACATGA, R/ GCACTGGGAGGTTATCACTG

Microarray analysis. For both tamMCM;CT3 and tamMCM controls, 6 labeled 
antisense RNA samples derived from 60 ug of total RNA from 6 left atrium samples 
were hybridized to Illumina Mouse-Ref-6 BeadChips following the manufacturer’s 
instructions (Illumina Inc.). Beadstudio software was used to assess the individual array 
quality. The probe signals were normalized using VSN in R3. Analysis of differentially 
expressed genes was done with the LIMMA package in R4. P-values were adjusted for 
multiple testing using the method proposed by Benjamin and Hochberg. Transcripts 
were considered differentially expressed if the adjusted p-value was <0.05. Microarray 
data have been submitted to the Gene Expression Omnibus database [http://www.ncbi.
nlm.nih.gov/projects/geo] under series GSE31969.
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Immunohistochemistry. Hearts were fixed overnight in 4% formaldehyde, embedded in 
paraplast and sectioned at 7 μm. Immunohistochemistry was performed by removing 
embedding media from sections and boiling for 5 minutes in a high pressure cooking 
pan in Antigen Unmasking Solution (Vector H3300). Tissue sections were incubated 
with primary antibodies overnight in Tris-NaCl buffer with blocking powder. Antibodies 
used were goat anti-Tbx3 (Santa Cruz 31656, 1:200) with biotinylated donkey anti-goat 
(1:250), and anti-Gja1 (BDtransd 610061, 1:200) with Alexa Fluor 488 donkey anti-mouse 
IgG (1:250). For detection of biotinylated antibodies we used the TSA Enhancement kit 
(Perkin&Elmer, NEL702).

Cell isolation. Single cells were isolated from left atrial appendages by an enzymatic 
dissociation procedure modified from Verkerk et al5. In summary, the left atrium was 
cut in small strips of ~0.5 mm width, 1.0 mm length for cell isolation and stored in 
a modified Tyrode’s solution (20°C) containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, 
MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 7.4 (NaOH). The strips were placed in nominally 
Ca2+-free Tyrode’s solution (20°C), i.e., modified Tyrode’s solution with 10 mM CaCl2, 
which was refreshed two times. Then, the strips were incubated for 11-13 min in 
nominally Ca2+-free Tyrode’s solution (37°C) to which liberase IV (0.25–0.29 U/ml; 
Roche, Indianapolis, USA) and elastase (2.4–0.7 U/mL; Serva, Heidelberg, Germany) 
were added. During the incubation period, the strips were triturated through a pipette 
(tip diameter: 2.0 mm). The dissociation was stopped by transferring the strips into a 
modified Kraft-Brühe (KB) solution (37°C) containing (mM): KCl 85, K2HPO4 30, 
MgSO4 5.0, glucose 20, pyruvic acid 5.0, creatine 5.0, taurine 30, b-hydroxybutyric acid 
5.0, succinic acid 5.0, BSA 1%, Na2ATP 2.0; pH 6.9 (KOH), that was refreshed two times 
(at 20°C). Finally, the strips were triturated in modified KB solution (20°C) through a 
pipette (tip diameter 0.8 mm) for 2 min to obtain single cells. Single cells were stored 
at room temperature for at least 45 min in modified KB solution before they were put 
into a recording chamber on the stage of an inverted microscope, and superfused with 
modified Tyrode’s solution (37ºC).
Patch clamp recording procedures. Action potentials (APs) and membrane currents were 
recorded at 36±0.2ºC with the amphotericin-B perforated patch-clamp technique using 
an Axopatch 200B patch-clamp amplifier (Molecular Devices Corporation, Sunnyvale, 
CA, USA). Superfusion solution was modified Tyrode’s solution; pipettes (2-3 MW, 
borosilicate glass) were filled with solution containing (mM): 125 K-gluc, 20 KCl, 5 
NaCl, 0.22 amphotericin-B, 10 HEPES; pH 7.2 (KOH). APs were low-pass filtered with a 
5-kHz cut-off frequency, and digitized at 25-kHz; membrane currents were filtered and 
digitized at 5 and 4-kHz, respectively. Series resistance was compensated by ≥80%, and 
potentials were corrected for the estimated liquid junction potential. Voltage control, 
data acquisition, and analysis were accomplished using custom software. Cell membrane 
capacitance was determined as described previously6.
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In cells without pacemaker activity, APs were elicited at 2 or 4-Hz by 3-ms, 1.5´ 
threshold current pulses through the patch pipette. We analyzed the following AP 
characteristics: cycle length, MDP, maximum upstroke velocity (Vmax), maximum AP 
amplitude (APA), and AP duration at 20, 50, and 90% repolarization (APD20, APD50 and 
APD90, respectively). Parameters from 10 consecutive APs were averaged.

Based on AP characteristics we observed various groups of cells (for details, see 
Results section). Almost all single atrial cardiomyocytes of control mice, but only 50% of 
the atrial cardiomyocytes of the hearts of tamMCM;CT3 mice were excitable (Fig. 4b). 
Neither cell size (83.3±13.7 pF, control cells (n=18); 72.0±12.7 pF, excitable tamMCM;CT3 
cells (n=9); 85.2±11.9, inexcitable tamMCM;CT3 cells (n=9)) nor series resistances 
(23.3±2.7 ΩM, control cells (n=18); 22.7±2.5 ΩM, excitable tamMCM;CT3 cells (n=9); 
25.7±2.2 ΩM, inexcitable tamMCM;CT3 cells (n=9)) differed between the various atrial 
cardiomyocytes groups. In neonatal rat ventricular myocytes (NRVMs), all LV-EGFP 
cells exhibited one functional phenotype, i.e., spontaneous activity based on delayed 
afterdepolarizations (DADs), which was defined as the wild-type (WT) phenotype. In 
LV-TBX3-EGFP cells we observed 3 phenotypes: 1) WT phenotype, 2) spontaneous 
activity based on diastolic depolarization, defined as DD-type, and 3) depolarized and 
inexcitable cells, defined as DI-type (Fig. 6). Comparable to adult atrial myocytes, cell 
size (27.2±2.8 pF, WT LV-EGFP cells (n=10); 27.7±8.2 pF, WT LV-TBX3-EGFP cells (n=5); 
35.5±5.7 pF, DD-type LV-TBX3-EGFP cells (n=4); 29.2±6.8, DI-type LV-TBX3-EGFP cells 
(n=10)) and series resistances (20.2±4.4 pF, WT LV-EGFP cells (n=10); 23.4±8.3 pF, WT 
LV-TBX3-EGFP cells (n=5); 23.7±11.3 pF, DD-type LV-TBX3-EGFP cells (n=4); 24.6±6.7, 
DI-type LV-TBX3-EGFP cells (n=10)) did not differed between the various NRVM groups.

Net membrane current was recorded using 500-ms hyper- and depolarizing voltage-
clamp steps from a holding potential of -40 mV, every 2 seconds. We analyzed the 
current at the end of the voltage-clamp steps, i.e., the quasi steady-state current, and the 
current by stepping back to the –40 mV holding potential. IK1 and IK were defined as 
the quasi steady-state current at the end of the voltage-clamp steps at potentials negative 
or positive to -30 mV, respectively. INa was defined as the instantaneous tail current 
when stepping back to the holding potential. Membrane currents were normalized for 
cell capacitance.

Statistics. Data are presented as mean±SEM. Groups were compared using one-way 
ANOVA and unpaired t-test, Fisher’s exact test with Bonferroni correction, or Two-Way 
Repeated Measures ANOVA followed by pairwise comparison using the Student-
Newman-Keuls test. P-value <0.05 defines statistical significance.

Electrical recordings. Mice were killed with an intraperitoneal injection of 30 mg 
pentobarbital, after which the heart was excised, cannulated, mounted on a Langendorff 
perfusion set-up, and perfused at 37°C with Tyrode’s solution ((in mM) 128 NaCl, 4.7 

proefschrift.indb   106 8-11-2012   13:33:19



TBX3 induces pacemaker phenotype

107

Chapter

4
KCl, 1.45 CaCl2, 0.6 MgCl2, 27 NaHCO3, 0.4 NaH2PO4, and 11 glucose (pH maintained 
at 7.4 by equilibration with a mixture of 95% O2 and 5% CO2)). Local electrograms were 
recorded from the left ventricle using a multi-electrode (247 unipolar 19x13 electrode 
grid, interelectrode distance 300 µm) during sinus rhythm, ventricular and atrial pacing 
at a basic cycle length of 120 ms, and twice the diastolic stimulus. Local electrograms 
were acquired using a custom-built 256 channel data acquisition system. Moment of 
activation was determined by the maximal negative dV/dt as measured from the unipolar 
electrograms using custom made software.

Optical recordings. Atrial preparations were placed in an optical mapping set-up and 
superfused with Tyrode’s solution at 37°C. Excitation light was provided by a 5 Watt 
power led (filtered 510 +/- 20 nm). Fluorescence (filtered >610nm) was transmitted 
through a tandem lens system on a photo diode array (16x16 elements) connected to a 
data-acquisition system (biosemi Mark-6). Optical action potentials were analyzed with 
custom software. Statistical significance in atrial and ventricular conduction velocities 
was calculated using a Two-Way ANOVA with genotype and with/without tamoxifen as 
fixed factors.

Neonatal rat cardiomyocyte culture. Six to twelve neonatal rats were sacrificed in one 
procedure as described previously7. NRVMs were cultured in M199 containing (mM): 
137 NaCl, 5.4 KCl, 1.3 CaCl2, 0.8 MgSO4, 4.2 NaHCO3, 0.5 KH2PO4, 0.3 Na2HPO4, and 

Supplementary Figure 2. Schematic drawing of the lentiviral vectors used. B, Lentivirally transduced 
HEK 293T cells. LV-TBX3-EGFP transduced cells demonstrate clear nuclear TBX3 expression 
(orange; left panel) which was absent in LV-EGFP transduced cells (right panel). Bars represent 25µm.
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supplemented with 20 units/100ml penicillin, 20 µg/100ml streptomycin, 2 μg/100ml 
vitamin B12, and 5% or 10% neonatal calf serum (NCS); 10% NCS was used only on the 
first day of culturing. Cells were cultured in monolayers or in low density single cell 
preparations on collagen-coated glass at 37° C in 1% CO2.

Lentiviral vectors. A bicistronic TBX3 lentiviral expression vector was generated by 
cloning human TBX3 as a SpeI-XbaI fragment into the corresponding sites of pRRL-cPPT-
CMV-X2-IRES-EGFP-PRE-SIN8. In this vector, gene expression is controlled by a 
cytomegalovirus (CMV) promoter and the expression of TBX3 is linked to enhanced 
green fluorescent protein (EGFP) expression by an internal ribosome entry site (IRES) 
from the encephalomyocarditis virus (Supplementary Figure 2a - this supplement). 
Lentiviral vectors were generated by co-transfection of HEK293T cells, concentrated, 
and titrated as described previously8.

Transduction. NRVMs were transduced with LV-TBX3-EGFP or LV-EGFP on day 
4 of culture (initial NRVM seeding was defined as day 0) in the presence of 8 μg /ml 
Polybrene (Sigma) at a multiplicity of infection (MOI) of 2 (monolayers) or 0.1 (single 
cells). Four to 5 days later, electrophysiological and molecular analyses were performed. 
Non-transduced NRVM monolayers served as controls. 
Demonstration of gene transfer. HEK 293T cells were transduced at a MOI of 2 in the 
presence of 8 μg /ml Polybrene and fixed 4 days after transduction. Transduced HEK 
293T cells were fixed with methanol:acetone (4:1) and washed with PBS supplemented 
with Tween20 (0.05%). Anti-TBX3 (Santa Cruz) was used as primary antibody and 
donkey anti-goat IgG conjugated with Alexa 488 (Invitrogen) was used as secondary 
antibody. Sytox green (Molecular Probes) was used to stain the nuclei. The HEK 293T 
cells were subsequently embedded with Vecta Shield® and assessed by fluorescence 
microscopy (Supplementary Figure 2b - this supplement). 

NRVM Optical mapping of action potential propagation and spontaneous beating. NRVM 
monolayers were stained with 10 μmol/L di-4-ANEPPS (Invitrogen) in serum-free 
culture medium for 15 minutes at 37°C and 1.2% CO2. Subsequently, they were put into a 
recording chamber, superfused with Tyrode’s solution (36±0.2°C), and optical recordings 
were made in a custom-made tandem lens setup. Excitation light was delivered by 
6 cyan (505 nm) high-power Light Emitting Diodes (LEDs) filtered by a 505/30 nm 
band-pass filter. Emission fluorescence was high-pass filtered (600 nm) and measured 
with a photodiode array (PDA; Hamamatsu C4675-102). Data acquisition was performed 
with modified ActiveTwo system without the input-amplifiers (BioSemi); data were 
analyzed using custom made software based on Matlab (Mathworks)9. After acquisition, 
data were digitally filtered. Conduction velocities were calculated from two pairs of 
remote detectors perpendicular to the activation wave front. In these experiments, 
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monolayers were stimulated at 2Hz and two times threshold using a 100μm bipolar 
silver point-electrode. In control, LV-EGFP, and LV-TBX3-EGFP transduced NRVM 
monolayers, spontaneous beating rates were assessed by counting the contractions 
during 1 minute. These cultures were not loaded with ANEPPS and superfused with 
Tyrode’s solution (36±0.2°C). 

ECG. Animals were anaesthetized with 1.5% isoflurane. Electrodes were placed at the 
right (R) and left (L) armpit and the left groin (F). Electrocardiograms were recorded 
(sampling rate 2 kHz, acquisition system BioSemi Mark X, Amsterdam, NL) for a period 
of 5 minutes. From these leads a three lead ECG was calculated as follows: I = L-R, II = 
F-R, III = F-L, the PR interval was defined as the time from the start of the P wave to 
the first deflection of the QRS complex (either a Q or a R wave depending on the lead). 
The QRS complex was defined as the time of the first deflection (Q or R) to the moment 
when the S wave intersects the isoelectric line. The end of the T wave was defined as the 
moment where the T wave returns to the isoelectrical line.
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Supplementary file 2
This table of 60 pages is available online at the cardiovascular Research website:
http://cardiovascres.oxfordjournals.org
or
https://c-b98rhejramfs-p4l08qwenjntr5io4jri.sec.amc.nl/content/94/3/439/suppl/DC1
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Supplementary file 3 
Differentially expressed ion channels in the atrium of tamMCM;CT3 mouse hearts
gene alias accession# up/down fold AdjP
Gap junctional subunits      
Gja1 Cx43 NM_010288 down 3,9 < 0,001
Gja5 Cx40 NM_008121 down 18 < 0,01
Gja7 Cx45/Gjc1 NM_008122 up 1,8 < 0,05
Gja12 Cx47/Gjc2 NM_080454 up 2,6 < 0,05
Gjd4 Cx39 NM_153086 up 3,8 < 0,05
Calcium homeostasis        
Ank1 Ank-R NM_031158 up 1,6 < 0,05
Ank3 Ank-G NM_170728 up 1,6 < 0,05
Cacna2d1 Cavα2δ1 NM_009784 up 2,9 < 0,01
Cacna2d3 Cavα2δ3 NM_009785 down 1,9 < 0,05
Cacnb3 Cavβ3 NM_001044741 up 2,2 < 0,05
Camk1d   NM_177343 down 2,4 < 0,01
Camkk1   NM_018883 up 2,4 < 0,01
Camkk2   NM_145358 up 1,8 < 0,05
Catsper2   NM_153075.2 down 1,7 < 0,05
Itpr1   NM_010585.2 up 1,7 < 0,05
Ryr2   NM_023868 down 2,8 < 0,01
Potassium channel and auxiliary subunits    
Kcna6 Kv1.6 NM_013568 down 2,7 < 0,05
Kcnab1 Kvβ1 NM_010597 down 2,1 < 0,05
Kcnd2 Kv4.2 NM_019697 down 3,6 < 0,05
Kcnip2 KChIP2 NM_145703 down 2,6 < 0,05
Kcnj12 Kir2.2 NM_010603 down 2,5 < 0,05
Kcnj3 Kir3.1 NM_008426 down 4,7 < 0,01
Kcnk3 Task-1 NM_010608 down 2,2 < 0,05
Kcnq1 KvLQT1 NM_008434 down 2,9 < 0,05
Kcnv2 Kv11.1 NM_183179 down 6,4 < 0,05
Sodium channels and auxiliary subunits    
Fgf12   NM_010199 down 3,0 < 0,01
Scn10a Nav1.8 NM_009134 down 8,2 < 0,001
Scn4b Navβ4 NM_001013390 down 3,8 < 0,05
Scnm1   NM_027013 down 2,1 < 0,05
others/miscelaneous        
Abcc8   NM_011510 down 7,7 < 0,01
Atp1b1   NM_009721 up 2,1 < 0,01
Chrnb1   NM_009601 up 2,6 < 0,01
Clic5   NM_172621 up 2,9 < 0,05
Clic6   NM_172469 down 4,9 < 0,05
P2rx5   NM_033321 up 2,4 < 0,05
Slc4a3   NM_009208 down 5,9 < 0,01
Slc9a2   NM_001033289 down 5,1 < 0,01
Vdac2   NM_011695 up 1,7 < 0,05
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Supplementary file 4
Lists of enriched GO terms in differentially expressed transcripts in tamMCM;CT3

enriched GO term  up + down
anatomical structure formation  1,6

angiogenesis  2,0
anion transport  2,0

blood circulation  2,6
blood vessel morphogenesis  1,9

branching morphogenesis of a tube  2,6
carbohydrate transport  2,4

cell development  1,5
cell growth  2,2

cell morphogenesis  1,6
cellular polysaccharide metabolic process  2,8

cellular structure morphogenesis  1,6
cytoskeleton organization and biogenesis  2,1

cytoskeleton-dependent intracellular transport  2,5
embryonic pattern specification  2,6

generation of neurons  1,5
heart development  2,0

heart process  2,9
lipid biosynthetic process  1,6

morphogenesis of a branching structure  2,4
muscle cell differentiation  3,2

muscle contraction  2,8
muscle development  2,6
myoblast maturation  6,0

myofibril assembly  5,9
negative regulation of programmed cell death  2,0

negative regulation of progression through cell cycle  2,1
nervous system development  1,5

neuron morphogenesis during differentiation  1,7
phosphate metabolic process  1,6

polysaccharide metabolic process  2,8
positive regulation of cell differentiation  2,4

positive regulation of cell proliferation  1,6
positive regulation of developmental process  2,7

positive regulation of neurogenesis  4,3
regulation of cell cycle  1,9

regulation of cell growth  2,4
regulation of heart contraction  3,1

regulation of progression through cell cycle  1,9
regulation of synaptic plasticity  4,2

skeletal muscle fiber development  3,2
striated muscle cell development  5,9

vasculature development  2,0
wound healing  2,3
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Supplementary file 5
of enriched GO terms in differentially expressed transcripts in tamMCM;CT3, in NppaCre;CT3, or 
both.

eriched GO term  MCM both Nppa
actin binding  2,0   2,3

active transmembrane transporter activity      1,6
anatomical structure morphogenesis    1,9 1,4

anion transport  1,8 3,8  
anti-apoptosis  2,7    

apoptosis  1,5    
axonogenesis    3,2  

bicarbonate transmembrane transporter activity    11,6  
calcium ion binding    1,6  
calmodulin binding      2,7

carbohydrate transmembrane transporter activity      3,8
cell cycle process  1,7    

cell death  1,6    
cell development    1,8  

cell differentiation  1,2 1,7 1,3
cell growth  2,2   2,3

cellular metal ion homeostasis      3,1
chloride transmembrane transporter activity    11,6  

chloride transport  2,8    
collagen    9,7 4,9

collagen fibril organization    10,8  
connexon complex    10,2  

contractile fiber      6,0
cytoskeleton  1,7 2,1  

cytoskeleton organization and biogenesis  1,9 2,4  
electron transport      1,9

extracellular matrix    4,1 3,3
extracellular matrix organization and biogenesis    5,1  

extracellular matrix part    7,9 3,5
extracellular matrix structural constituent    7,5 4,0

extracellular matrix structural constituent conferring tensile strength    12,0  
extracellular region    1,4 1,5

extracellular region part    1,4 1,5
extracellular space      1,5

extracellular structure organization and biogenesis    3,6 2,7
gap junction    8,3  

gap junction channel activity    11,6  
heart development    4,6  

I band      5,7
inorganic anion transmembrane transporter activity    7,5  

inorganic anion transport    3,1  
ion binding      1,2

ion transmembrane transporter activity      1,5
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eriched GO term  MCM both Nppa
ion transport  1,4 1,9 1,5

morphogenesis of a branching structure    7,3  
muscle cell differentiation    5,7  

muscle contraction    4,8 3,9
muscle development    4,5 2,1

muscle fiber development    6,2  
muscle system process    4,8 3,9

myofibril      6,0
negative regulation of apoptosis  2,0    

negative regulation of biological process    1,7  
negative regulation of cell differentiation    4,5  

negative regulation of programmed cell death  2,1    
negative regulation of progression through cell cycle  2,0 3,1  

nervous system development    2,4  
neurogenesis    2,4  

neuron development    3,1  
neuron differentiation    2,5  

ossification      2,7
phosphate transport    5,6  

positive regulation of cell proliferation  1,7    
proteinaceous extracellular matrix    4,0 3,3

regulation of apoptosis  1,5    
regulation of cell differentiation      2,0

regulation of cell growth  2,2   2,4
regulation of cell proliferation  1,6    

regulation of growth  1,9   2,2
regulation of programmed cell death  1,6    

regulation of progression through cell cycle  2,1    
sarcomere      5,9

skeletal development    2,7 1,9
skeletal muscle development    5,2 2,4

skeletal muscle fiber development    6,2  
smooth muscle contraction      4,3
striated muscle contraction      4,6

striated muscle development  2,1 5,0 2,3
substrate-specific transmembrane transporter activity      1,5

transport  1,2 1,4 1,3
tube development    3,8  

tube morphogenesis    3,2 2,0
voltage-gated cation channel activity      2,3

wide pore channel activity  3,0    
wound healing    4,5  

Z disc  4,2    
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Abstract
The function of the conduction system depends on structure, function and molecular 
composition of its components. Studying the relation between these aspects would 
greatly benefit from a mouse model in which the cells of the conduction system can be 
easily recognized in situ. We present a transgenic mouse model that expresses yellow 
fluorescent protein Venus under control of the Tbx3 locus (Tbx3Venus). The expression 
pattern of Venus precisely recapitulates that of Tbx3, and specifically marks the 
conduction system components, including the sinus node, but excluding 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 
reliable 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.
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Introduction
The cardiac conduction system is responsible for initiation and propagation of the 
cardiac impulse. It consists of the sinus node, the atrioventricular (AV) node, the AV 
bundle, the bundle branches and the Purkinje fibers. The sinus node is the pacemaker 
of the heart and generates the cardiac impulse. To generate the cardiac impulse, sinus 
nodal cells are able to depolarize spontaneously. Subsequent transfer of the cardiac 
impulse to the atrial myocardium requires that the sinus nodal cells are relatively 
uncoupled to prevent current-to-load mismatch1. Molecular analysis of the sinus node 
and surrounding working myocardium has revealed distinct gene expression profiles 
underlying the important electrophysiological differences between the sinus node and 
the surrounding myocardium2-4. 

Dysfunction of the sinus node can result in arrhythmia syndromes including the sick 
sinus syndrome (SSS), responsible for half of the electronic pacemaker implantations in 
the elderly5. The pathophysiology of sick sinus syndrome has not yet been elucidated. 
Unraveling the genetic profile of the sinus node in relation to structure and function 
is crucial to understand sinus node dysfunction and improve therapeutic strategies, 
including sinus node repair or generation of biological pacemakers. A molecular tool 
that marks the sinus node would facilitate studying these relations and is currently not 
available. 

The sinus node has been defined on the basis of function and morphology. 
Characteristic features of the sinus node are its location at the junction of the crista 
terminalis, the superior caval vein and the intercaval region (sinus venarum), the 
abundance of connective tissue within the sinus node, the small and spindle shaped cells 
in the center, the pale and undifferentiated appearance of the cells, and characteristic 
electrophysiological properties such as reduced maximum diastolic potential and 
spontaneous diastolic depolarization. The combination of the particular structure 
of the sinus node and the properties of its cells enable it to spontaneously depolarize 
and to activate the much larger atrial muscle (reviewed in4,6-8). Despite their specific 
properties and anatomical locations, the cells of the conduction system, including the 
sinus node, are not unambiguously distinguishable from surrounding cardiomyocytes or 
other cell types. Therefore, efforts have been made to generate transgenic mice in which 
the components of the conduction system are labeled by expression of a reporter gene, 
including cGATA6/lacZ9, CCS-lacZ10 and minK-lacZ11 and Hop/lacZ12. In none of 
these mice the sinus node was specifically labeled13. Molecularly, the sinus node can be 
defined as being positive for Hcn4 and Tbx3 and negative for Nppa, Scn5a (Nav1.5), Gja1 
(Cx43) and Gja5 (Cx40)3,4,14,15. Hcn4 is the major contributor to the pacemaker current 
If, also designated the funny current (reviewed in16). Gja1 and Gja5 are expressed in the 
working myocardium, but not in the pacemaker tissues of the sinus node and AV node, 
whereas Gja5 is also expressed in the fast conducting components of the ventricular 
conduction system2,14,17. Molecular markers that might be added to the sinus node’s 
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signature are Cacna1d (CaV.1.3), Cacna1g (CaV3.1) and, possibly, Islet-12,18,19. These 
genes might be suitable to label the conduction system. 

Previously, we showed that Tbx3 is specifically expressed in all components of the 
developing and mature conduction system, except for the Purkinje fibers20. T-box 
factor 3 (Tbx3) is an evolutionary conserved transcription factor that is specifically 
expressed in the cardiac conduction system of vertebrates20-22. During development, 
Tbx3 is required for the molecular specification of the sinus node23 and AV bundle24. 
Ectopic activation of Tbx3 in embryonic atrial myocytes in vivo results in suppression 
of Gja5 and Gja1, induction of pacemaker channel Hcn4 and the formation of ectopic 
pacemaker sites in the atrial myocardium23. In adult hearts, expression of Tbx3 induces 
reprogramming of cardiomyocytes into pacemaker-like cells25. Hence, to specifically 
mark conduction system cells, we generated a transgenic mouse in which the modified 
enhanced yellow fluorescent protein Venus26 is inserted into Tbx3. In this study, we 
investigate whether the Tbx3Venus allele specifically marks the conduction system, 
and, subsequently, we used the model to study sinus node cell characteristics during 
development and to generate a 3-dimensional model of the sinus node.

Methods
Mice. A cosmid with Tbx3, isolated from the 129/Ola cosmid genomic library obtained 
from the Resourcenzentrum (RZPD) in Berlin, was kindly provided by Dr. Andreas 
Kispert (Institut fur Molekularbiologie, Medizinische Hochschule Hannover, Hannover, 
Germany). Homologous DNA sequences (6.1 kb of upstream sequence and 1.9 kb of 
downstream sequence) were ligated to a Venus-polyA-Frt-flanked PGK-neo cassette 
derived from pKOII (Bardeesy et al. 2002) to generate a Tbx3-targeting construct (Fig.1) 
in which the first three codons of the Tbx3-coding region were replaced by the Venus-pA 
cassette. The linearized targeting construct was electroporated into E141B10 embryonic 
stem (ES) cells to generate targeted cell lines. A diphtheria toxin A cassette was used to 
positively select for homologous recombinants. Chimeras were generated by injection 
of targeted ES cells into C57Bl6 host blastocysts. Germline transmission of the targeted 
allele was obtained by mating with FVB females. Subsequently, Tbx3-VenusNEO mice 
were crossed with FlpE mice (Rodriguez et al. 2000) to remove the PGK-neo cassette. 
Progeny was screened by PCR for the presence of the Tbx3-Venus allele using the following 
primers: fw1 (AGCGGAGCCAAGCCAGCA), rv1 (CCTTGGCCTCCAGGTGCAC), and 
rv2 (TTGATGCCGTTCTTCTGCTTGT). The Tbx3-Venus allele has been maintained 
on a FVB background. Animal care was in accordance with national and institutional 
guidelines.

Whole mount in-situ hybridization. Embryos were fixed in 4% formaldehyde. Whole 
mount in situ hybridization was performed as described previously27.
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Immunohistochemistry. Hearts were fixed overnight in 4% formaldehyde, embedded 
in paraplast and sectioned at 7 μm. Embedding media were removed from sections 
and by boiling for 5 minutes in a high pressure cooking pan in Antigen Unmasking 
Solution (Vector H3300), the epitopes in the tissue were unmasked. Tissue sections were 
incubated with primary antibodies overnight in Tris-NaCl buffer with blocking powder. 
Primary antibodies used were goat-anti-col3a1 (Santa Cruz, SC-8781, 1:200), mouse-anti-
Troponin1 (Millipore, MAB1691), rabbit-anti-Cardiac Troponin 1 (Hytest LTD, 4T21_2, 
1:200), mouse-anti-Cx40 (USBiological, C7856, 1:200), mouse-anti-Cx43 (BDtransd 
610061, 1:200), goat-anti-GFP (Abcam 839963, 1:100), rabbit-anti-GFP (SZ E2110, 
1:100), rabbit-anti-Hcn4 (Chemicon NG164345, 1:200), goat-anti-Pecam1 (Santa Cruz, 
SC-1506), mouse-anti-Pgp9.5 (Abcam G1608, 1:200) and goat-anti-Tbx3 (Santa Cruz 
B1006, 1:200). Secondary antibodies used, were Alexa 680 (1:250; Molecular Probes), 
Alexa 568 (1:250; Molecular Probes) and Alexa 488 (1:250; Molecular Probes) with the 
epitope appropriate to visualize the primary antibody. For detection of goat-anti-Tbx3 
we used biotinylated donkey anti-goat (1:250). For detection of biotinylated antibodies 
we used the TSA Enhancement kit (Perkin&Elmer, NEL702).

Fluorescence microscopy. We used a Leica MZ FL III microscoop (filter excitation 
470/40 and emission 590LP) and a Leica DFC320 camera to view and photograph 
fluorescent hearts. 

3D-reconstruction protocol. The 3D-reconstruction process has been described 
previously28. In short, adult male mouse hearts were serially sectioned and fluorescently 
labeled as mentioned above with mouse-anti-Tnni3 and goat-anti-GFP antibodies. 
Sections were photographed using a Leica DM6000 fluorescence microscope with a 
XY stage. Using the align-module of Amira 5.2.1., Tnni3 images were aligned. Images 
failing to register automatically were manually aligned. After complete registration of 
the Tnni3 stack of images, the same translation and rotation parameters were applied 
to the Venus images. Next, labels of the expression domains were generated, by masking 
expression signal followed by manually segmentation within this mask. Other labels 
beside ‘myocardium’ and ‘Venus’ that were attributed, were ‘lumen of the heart’, ‘lumen 
of the vasculature’ for the aorta and pulmonary trunk, ‘vasculature’ for the vessel walls of 
the aorta and pulmonary trunk and ‘pulmonary veins’. Venus within the atrioventricular 
conduction system was removed from the reconstruction. 

The resulting label-set was further smoothed and converted into an interactive 
3D-PDF as previously described29 using Adobe Acrobat Pro Extended® version 9.5. The 
3D-PDF can be viewed with the freeware version: Adobe Reader® (version 9.3 or higher) 
with Javascript® enabled. We used general vertebrate terms to annotate position in the 
mouse body: cranial, caudal, ventral, dorsal, left and right. 
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Cell isolation. Single cells were isolated from this tissue by an enzymatic dissociation 
procedure modified from Verkerk et al30. In summary, the tissue was cut in small strips 
of ~0.5 mm width, 1.0 mm length and stored in a modified Tyrode’s solution (20°C) 
containing (mM): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0; pH 
7.4 (NaOH). The strips were placed in nominally Ca2+-free Tyrode’s solution (20°C), i.e., 
modified Tyrode’s solution with 10 mM CaCl2, which was refreshed two times. Then, 
the strips were incubated for 15 min in nominally Ca2+-free Tyrode’s solution (37°C) to 
which liberase IV (0.25–0.29 U/ml; Roche, Indianapolis, USA) and elastase (2.4–0.7 U/
mL, Serva, Heidelberg, Germany) were added. During the incubation period, the strips 
were slowly triturated through a pipette (tip diameter: 2.0 mm). The dissociation was 
stopped by transferring the strips into a modified Kraft-Brühe (KB) solution (37°C) 
containing (mM): KCl 85, K2HPO4 30, MgSO4 5.0, glucose 20, pyruvic acid 5.0, creatine 
5.0, taurine 30, b-hydroxybutyric acid 5.0, succinic acid 5.0, BSA 1%, Na2ATP 2.0; pH 
6.9 (KOH), that was refreshed two times (at 20°C). Finally, the strips were triturated in 
modified KB solution (20°C) through a pipette (tip diameter 0.8 mm) for 2 min to obtain 
single cells. Single cells were kept at room temperature in modified KB solution until 
FACS sorting or they were put into a recording chamber on the stage of an inverted 
microscope, and superfused with modified Tyrode’s solution (37ºC). 

Fluorescence-activated cell sorting (FACS). Single cells were obtained as described 
above. Cells were sorted on a FacsAria flow cytometer (BD Biosciences) using 
FacsDIVA software. Samples were gated to exclude debris and cell clumps. Fluorescent 
cells comprised, on average, 9-10% of live-gated single cells. Because the number of 
Venus-positive cells per heart was low (approximately 500 cells per heart), the isolated 
cells of 3 hearts were pooled to obtain sufficient RNA. There were 6 hearts available, 
resulting in 2 samples. After isolation of total RNA using an isolation Kit (Machery-
Nagel) according to the manufacturer’s protocol, total RNA was reversed transcribed 
into cDNA using the Superscript II reverse transcription kit (Qiagen). Before reverse 
transcription we concentrated the sample using a Centrivac concentrator (Labconco®). 
Left atrium samples of 6 hearts served as control samples and total RNA was isolated 
and reversed transcribed into cDNA in the same procedure. 

qRT PCR. Expression of genes was assayed using the Roche Lightcycler 480 system. 
Target quantities were calculated using LinRegPCR software31. Values were normalized 
to Gapdh. Two pooled samples of 3 Tbx3Venus sinus node samples were compared with 
6 left atrium samples. These are the primer sequences used: 

Gapdh: FW/ TGTCAGCAATGCATCCTGCA, R/ CCGTTCAGCTCTGGGATGA
Gja5: FW/ GGAAGACGGGCTGTTCCA, R/ CCCATTTCAGAAAACAAACACA
Hcn4: FW/ TCCTTGATCCCTTCAGCTCT, R/ AGAGAATCCAGCCAGCTGTT
Scn5a: FW/ GGGACTCATTGCCTACATGA, R/ GCACTGGGAGGTTATCACTG
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Figure 1 A, scheme for generation of Tbx3Venus/+ mice. B, southern blot analysis of EcoR1-digested (left 
panel) and Xmn1-digested (right panel) genomic DNA from wild type, targeted (Venus-Neo) and flipped 
(Venus) mice. The 3’ external probe indicated in panel a, was used to distinguish the endogenous allele 
(4.3 kb) and the targeted allele (3.2 kb). The 5’ internal probe distinguishes the endogenous allele (7.7 kb), 
the Venus-neo allele (8.6 kb) and the Venus allele (8.9 kb). C, PCR detection of the wild type Tbx3 allele 
(377 bp) and the Tbx3Venus allele (578 bp) in DNA of embryos of heterozygous crosses. D, Whole mount 
in situ hybridization of E10.5 Tbx3Venus/+ littermates stained for Tbx3 and Venus mRNA. E, fluorescent 
image of E10.5 embryo. Note that both expression domains of Venus and the fluorescent signal are equal 
to endogenous Tbx3 expression. Abbreviations: E, indicates EcoR1; X, Xmn1
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Using a Mann-Whitney U-test on the 2 sinus node samples versus the 6 left atrial 
samples the 2 sinus node samples are statistically significant outliers (p-value 0.046). 

Optical mapping. The mice were killed by cervical dislocation after which the heart 
was excised and placed in Tyrode’s solution (30ºC, ((in mmol/L) 128 NaCl, 4.7 KCl, 1.45 
CaCl2, 0.6 MgCl2, 27 NaHCO3, 0.4 NaH2PO4, and 11 glucose (pH maintained at 7.4 by 
equilibration with a mixture of 95% O2 and 5% CO2))). Fat and non-cardiac tissue was 
removed from the venous pool of the heart. Then the right atrium, crista terminalis and 
intercaval area was dissected free. The perparation was pinned down on agarose gel 
(20%). After that, the isolated preparations were incubated in 10 ml Tyrode’s solution 
containing 15 μM Di-4 ANEPPS (Invitrogen) and subsequently superfused and placed in 
the optical mapping setup. Excitation light was provided by a 5 Watt power LED (filtered 
510 +/- 20 nm). Fluorescence (filtered > 610nm) was transmitted through a tandem lens 
system on CMOS sensor (100 x 100 elements, sampling rate 5 kHz, MICAM Ultima). 
Optical action potentials were analyzed with custom software.

Patch-clamp experiments. Single Venus-positive and Venus-negative cells were selected 
or in case of non-transgenic mice we selected single spindle and elongated spindle-like 
cells displaying regular contractions for sinus node experiments. Membrane potentials 
and currents were recorded using the amphotericin-perforated patch-clamp technique 
using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Signals 
were low-pass filtered a 10-kHz cut-off frequency, and digitized at 25-kHz. Data 
acquisition and analysis were accomplished using custom software. Pipettes (borosilicate 
glass; resistance 2–4 MW) were filled with a solution containing (in mM): K-gluconate 
125, KCl 20, NaCl 5, amphotericin B 0.22, and HEPES 10; pH 7.2 (KOH).

Action potentials (APs) were measured in both spontaneous active and quiescent 
cells. AP in quiescent cells were elicited at 2-Hz by 3-ms current pulses, 1.5´ threshold 
current pulses through the patch pipette. We analyzed cycle length, maximal diastolic 
potential (MDP), diastolic depolarization rate (DDR, measured over the 50-ms time 
interval starting at MDP + 1 mV), maximal upstroke velocity (Vmax), maximal AP 
amplitude (APA), and AP duration at 20, 50, and 90% repolarization (APD20, APD50 and 
APD90). Parameters from 10 consecutive APs were averaged.

Statistics. Data are mean±SEM. Groups were compared using unpaired t-test. P<0.05 
defines statistical significance.
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Results

Generation and characterization of the Tbx3Venus allele
In order to fluorescently label the cardiac conduction system, we inserted the fluorescent 
Venus reporter26 into the start codon of Tbx3, replacing the first three codons of the 
Tbx3-coding sequence. Two fragments containing poly-adenylation and transcription 
termination sequences were placed downstream of the Venus coding sequence to 
prevent read-through (see methods section and Figure 1A,B for details). To remove the 
Neo cassette, offspring was crossed with FLPe-deleter mice32,33. Removal of the Neo 
cassette was assessed by Southern and PCR (Fig. 1B, C).

Whole mount in situ hybridization revealed characteristic expression of Venus and 
Tbx3 in the snout, eye, ear, mammary glands, the genital tubercle and the limbs (Fig. 
1D) as has been described previously for Tbx334. Figure 1E confirms bright fluorescence 
of Venus in the same domains. These experiments indicate that Venus recapitulates the 
endogenous expression profile of Tbx3.

Because Venus has been inserted into the translation start codon of Tbx3, it is expected 
to disrupt Tbx3 function. To assess whether the Tbx3Venus allele is dysfunctional, we 
intercrossed heterozygous Tbx3+/Venus animals to generate homozygous mutants. We 
did not find Tbx3Venus/Venus fetuses after developmental stage E12.5. Homozygous 
Tbx3Venus/Venus embryos had abnormal fore limbs (Fig. 2A), displayed double outlet 
right ventricle (Fig. 2B) and a dramatically decreased liver size (Fig. 2C). The AV bundle 
phenotype was lost and Cx43, a negative marker of the AV bundle, was ectopically 
expressed in the crest of the interventricular septum (Fig. 2D). We did not find any of 
these abnormalities in heterozygous embryos. Together, these findings are in accordance 
with previously described phenotypes of other Tbx3 mutant alleles24,34-37, indicating 
that function of Tbx3 is disrupted in the Tbx3Venus allele. 

Tbx3Venus visualizes the components of the conduction system 
Fluorescent microscopy revealed bright fluorescence of the cardiac conduction system 
components (Fig. 3), allowing for live analysis and dissection of the embryonic and adult 
heart to study the cardiac conduction system. On dorsal view, the main body of the sinus 
node is clearly visible at the junction of the superior caval vein and the right atrium, 
running down the sino-auricular or terminal groove, which is the groove between the 
sinus venarum and the right atrial appendage38. In the adult heart, but more pronounced 
in the fetal heart, we observed a second tract of fluorescence connecting the left side of 
the sinus node at the medial side of the superior caval vein with the AV node (Fig. 3C). 
On the endocardial side, fluorescence is visible at the medial side of the crista terminalis 
from the sinus node to the AV node (Fig. 6A). Fluorescence of the AV node is visible at 
the caudal side of the heart. The entire AV node, the AV rings and the AV bundle are 
visible upon removal of the atria. After removal of the ventricular free walls the right 
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and left AV bundle including the small fibers of the left bundle branch running down the 
interventricular septum, are clearly visible without further enhancement.

To determine the nature of Venus-expressing cells, we performed immunolabeling of 
pacemaker channel Hcn4, and fast conducting gap junction subunit Cx40. We found that 
Hcn4/Tnni3 (cTnI)-positive cells were positive for Venus (Fig. 4), and conclude that Hcn4 
and Venus strictly overlap in the sinus node area. In contrast, there is a sharp border 
between the domains of Venus and Cx40. These data indicate that Venus is specifically 
expressed in the myocardial sinus node cells. 

The AV conduction axis is a complex structure including the AV node, the lower 
nodal cells, the AV rings. The different components express variable levels of Hcn439. In 
all regions, Hcn4 and Venus overlapped, indicating that Venus marks the AV conduction 

Figure 2, Tbx3Venus/Venus embryos (E12.5) exhibit Tbx3 knock-out phenotype. A, magnification of the 
forearm in WT and KO, demonstrating limb malformations due to ulnar hypoplasia. B, null-embryos 
demonstrate double outlet right ventricle and C, hypoplasia of the liver. D, In KO-embryos the AV-bundle 
domain is not specified as demonstrated by abnormal expression in knock-out embryos in the top of 
the interventricular septum. Note that the AV bundle is formed normally in heterozygous embryos. 
Abbreviations:Ao indicates aorta; avb, AV bundle; l/r a, left/right atrium; l/r v, left/right ventricle; pt, 
pulmonary trunk
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axis. In figure 5 the nodal structure of the compact node is clearly distinguishable and 
positive for Tnni3, Hcn4 and Venus. 

Cx40 specifically identifies the fast-conducting components of the conduction 
system, namely the AV bundle, bundle branches and Purkinje fiber network40. We found 
that expression of Venus and of Cx40 strictly co-localized (Fig. 5). We did not detect 
Venus in the Purkinje fibers, nor did we detect Venus within the working myocardium. 
Together, these data indicate that Venus is specifically expressed in the entire domain 
that is molecularly defined as the conduction system, except for the Purkinje fibers. 

Tbx3Venus labels cardiac ganglia and small endocardial cells
In addition to presence of Venus in the components of the cardiac conduction system, we 
found Venus in cardiac ganglia at the dorsal side of the atria (Fig. 4). These Tnni3-negative 
cardiac ganglia express high levels of Tbx341, corresponding with intense fluorescence. 
Some of these ganglia are in close proximity to the sinus node and appear to connect 
directly to the sinus node. 

Furthermore, we detected Venus in small cells within the muscle walls of both the 
ventricle and the atrium (Supplementary file). Furthermore, careful examination of 
Tbx3-immunolabeling revealed identical, weakly positive cells, although fewer in number 
compared to the Venus-positive cells. This can be explained by the nuclear localization 
of Tbx3 and the fact that nuclei are not always included in cytosolic Venus-positive 

Figure 3, fluorescent images of the atrial conduction system components in adult (A,B) and in an E17.5 
(C) mouse heart. Views are indicated in the figure. Legend: a. indicates (sinus node) artery; avn, AV node; 
it, internodal tract; l/r scv, left/right superior caval vein; san, sinus node. For other abbreviations see legend 
to Figure 2. * indicates the sinus venarum
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cells in the sections. The shape of some of the Venus-positive cells at E17.5 suggested 
an endocardial or vascular identity. Co-staining with Pecam1, which is an endocardial 
marker, revealed presence of Pecam1 and Venus in these cells, confirmed that these 
cells are endocardial in nature. Tbx3 has been shown to induce endocardial epithelial-
mesenchymal transition (EMT) in the atrioventricular cushions in the developing 
heart42. These mesenchymal cells can differentiate into many different cell types, 
including myocytes. We speculate that these cells might be endocardial-mesenchymal 
cells remaining in an undifferentiated state. Additional immunolabeling of neuronal and 
fibroblast markers, Pgp9.5 and Col3a1, suggested these cells were neither neurons nor 
fibroblast. Further analysis is required to establish the nature of these cells.

Optical mapping identifies the first site of activation within the 
Venus-positive area
To relate the first moment of atrial activation with the expression domain of Venus we 
performed high density optical mapping (5 kHz sampling rate) on tissue preparations 
(n=13) containing the right atrium, the crista terminalis and the intercaval area. The sinus 
rhythm of the tissue in the bath was 395 +/- 27 beats per minute (bpm). We mapped both 
the endocardial (n=8) and the epicardial side (n=6) of the preparations. At both sides, the 
first moment of activation was in the center of the Venus expression domain (Fig. 6A). 
Upon administration of noradrenalin (1μM), sinus rhythm increased to 542 +/- 23 bpm 
(p<0.05) (Fig. 6B), accompanied by a pacemaker shift in 8 out of 11 preparations4,6-8. The 
site of initial activation remained within the Venus-positive domain, but the direction of 
the shift varied (shift up: n=4, shift down: n=4, no shift: n=3). 

Venus-positive cells isolated from the sinus node display pacemaker 
properties
To examine electrophysiological properties of Venus-positive cells, we performed 
patch-clamp experiments on isolated cardiomyocytes. Venus-negative cells obtained 
from the sinus node region served as controls. Figure 6C shows typical examples; average 
action potential characteristics are shown in Figure 6E. On average, the maximum 
maximal diastolic potential (MDP) was significantly less negative in Venus-positive cells 
than in Venus-negative cells. In addition, Venus-positive cells had a significantly lower 
upstroke velocity and shorter action potential duration at 20 and 50% repolarization 
(APD20 and APD50, respectively) than Venus-negative control cells. Furthermore, 
all Venus-positive cells exhibited spontaneous phase 4 depolarization, resulting in 
automaticity (Fig. 6C). If was present in Venus-positive cells, whereas INa (encoded by 
Scn5a) was virtually absent (Fig. 6F). These experiments showed that the configuration 
of the action potential of single Venus-positive was similar to action potentials of sinus 
node cells3. We did not find Venus-positive cells that were quiescent. 
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Next, we determined the expression levels of positive and negative markers of the 
sinus node in Venus-positive cells purified by fluorescence-activated cell sorting (FACS). 
Two pooled samples of 3 Venus-positive sinus nodes were compared with 6 left atrial 
appendages, which served as controls. We found that the expression of Hcn4 was much 
higher in the sinus node samples (23 and 5 times, p-value <0.05) than in the atrial samples, 
whereas the expression levels of Gja5 and Scn5a were significantly lower in the sinus 
node samples than in controls (Fig. 6D). This experiment confirms that Venus-positive 
cells display molecular characteristics of pacemaker cells.

Figure 4, immunolabeling of the sinus node region in pre-natal and adult hearts. The first column contains 
overview images. The last column contains a merged image of the red and green signal. Antibodies and 
color codes as indicated in the images. 
Abbreviations: cgl indicates cardiac ganglion; ivs, interventricular septum; vv, venous valves. For other 
abbreviations see Figures 1 and 2.
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An interactive three-dimensional model of the sinus node and atrial 
structures
The atrioventricular conduction axis (AV node, AV ring and AV bundle) has been 
reconstructed in detail recently39. To gain insight into the structure of the atrial 
components of the conduction system, we generated a three-dimensional reconstruction 
of the Venus-positive tissues. Tnni3 was used to mark the myocardium. The interactive 
3D-reconstruction is available online (http://3d.hfrc.nl and click downloads). The 
reader can zoom-in, turn around and remove cardiac components to visualize and 
study the complex anatomy of the conduction system. Figure 7 depicts snapshots of the 
3D-reconstruction. 

It is generally accepted that the sinus node has a comma shape6. In the reconstruction, 
however, it appears that the Venus-positive region is circular, surrounding the entire 
orifice of the superior caval vein. Indeed, the body of the sinus node is at the right and 
cranial side of the right superior caval vein. There is, however, a substantial amount 
of Venus-positive myocardium at the left side of the caval vein and a small connection 
between the right and left at the caudal side of the superior caval vein. 

Two tracts of Venus-positive tissue are located in the dorsal wall of the right atrium and 
coronary sinus, thereby connecting the sinus node with the atrioventricular conduction 
axis. The right tract runs down the sulcus terminalis at the epicardial side of the heart 
and medial to the crista terminalis at the endocardial side of the heart and comprises the 
structure that is known as the sinus node tail. The left tract is located in the interatrial 
septum. Both tracts have been previously described in rat, mouse and human and have 
been named the anterior (left) and posterior (right) internodal pathway10,43-45. 

Characterization of the fetal sinus node
The Tbx3Venus allele was used to study development of the sinus node. The Venus-positive 
domain is clearly visible in subsequent stages of embryonic development using fluorescence 
microscopy from E10.5 onwards. At the dorsal side of the embryonic heart, the sinus node 
primordium, dorsal atrial wall and the AV canal are highly fluorescent (Fig. 8A). During 
further development, the Venus-positive domain becomes restricted to the cavo-auricular 
junction, marking the definite location of the sinus node and the internodal tract are also 
more discernible as tracts of Venus-positive tissue (Fig. 3C). Immunolabeling at E12.5 
revealed that levels of Hcn4 and Venus are modest in the sinus node primordium and the 
crest of the interventricular septum, and high in the AV canal, with highest expression 
at the right side of the AV canal. Double labelings of Venus, Hcn4, Tbx3 and Cx40 show 
that the patterns of Venus overlap perfectly with Hcn4 and Tbx3 and that the domains of 
Venus are complementary to Cx40 from E12.5 onwards (Fig. 8B).

Fluorescent single cells that were obtained from the sinus node region enabled us to 
study the sinus node action potential and to measure ionic currents of sinus node cells 
at E12.5. Figure 8C shows representative examples of action potentials of single sinus 
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node cells at E12.5, E17.5 and adult stages. Note the gradual changes from embryonic to 
adult stages, being a decrease in cycle length due to an enhanced diastolic depolarization 
velocity, an increase in MDP and e upstroke velocity and a decrease of the action potential 
duration (Fig. 8D). All stages displayed spontaneous phase 4 depolarization and a regular 
rhythm. Measurement of ionic currents showed that If was present in Venus-positive 
cells as early as E12.5 and that INa was virtually absent from Venus-positive cells, 
indicating that pacemaker cells are characterized by absence of INa and presence of If 
from early stages in development onwards. 

Discussion

Tbx3Venus specifically marks the conduction system including the sinus 
node 

Tbx3 was previously shown to be expressed specifically in all conduction system 
components throughout development and in the adult, except for the Purkinje fiber 
network and its precursor, the prenatal trabecular myocardium. Its specific pattern 
can be observed as early as E9, briefly after the atrial and ventricular chambers start 
to develop in the embryonic heart tube20,46. Furthermore, knock-out and ectopic 
expression experiments have shown that Tbx3 is required for the development 
and homeostasis of the conduction system, and sufficient to induce the pacemaker 
phenotype in myocardium23-25,37. The molecular analyses has indicated that Tbx3 
induces the pacemaker phenotype of the components of the conduction system (sinus 
node, AV node, AV junction, AV bundle, bundle branches), which, only in case of the AV 
bundle and bundle branches, is overlaid by a gene program for fast conduction (Scn5a 
and Gja5) induced by Tbx5 and Irx347-50. We show that a fluorescent reporter targeted 
to the Tbx3 locus precisely recapitulates the pattern of Tbx3, and serves as a marker for 
the conduction system in the developing and adult heart. 

A number of mouse conduction system reporters have been described, each with 
its own specificities, advantages and disadvantages9-12,40,49. In general, these lines 
specifically mark the AV bundle, branches and the Purkinje fibers in the adult heart, 
but do not mark the sinus node13, and to varying degrees mark the nodal cells of the 
AV junction, including the AV node. Furthermore, these models show expression of the 
transgene outside the conduction system to variable extents13,51. 

Another Tbx3 allele (Tbx3G(H)) was recently described37, in which a Tbx3-GFP 
fusion protein is expressed. It has been used for loss of function analysis, and the pattern 
of GFP expression has not yet been fully characterized. The excision of a large part of the 
gene may also have removed regulatory sequences, a possibility that warrants detailed 
investigation. 
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BacTbx3EGFP mice harbor a bacterial artificial chromosome (BAC) that contains 
the Tbx3 gene in which the fluorescent protein-encoding EGFP gene was inserted at 
the translation start site41. Although enough regulatory sequences of Tbx3 appear to 
be present in the BAC, BacTbx3EGFP appears to lacks critical regulatory sequences for 
the sinus node, AV bundle, left component of the AV ring bundle, and bundle branches. 

Although several studies report that the pacemaker channel Hcn4 is expressed in 
the (developing) atrial working myocardium2,21,52,53, Hcn4 is highly enriched in the 
conduction system in the postnatal and adult mouse heart in many species, including 
mouse and human2,3,54,55, and can serve as a specific marker. During development, 

 Figure 5, immunolabeling of the sinus node region in pre-natal and adult hearts. The first column contains 
overview images. The last column contains a merged image of the red and green signal. Antibodies and 
color codes as indicated in the images. 
Abbreviations: lbb indicates left bundle branch. For other abbreviations see previous Figure legends. 
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Figure 6, the cardiac impulse originates within the Tbx3Venus expression domain. A, at the right a 
fluorescence image of Tbx3Venus in atrial preparation and at the left the activation pattern. B, increase 
in heart rate after noradrenalin administration. C, shows action potentials recorded from Venus-positive 
and Venus-negative cardiomyocytes. D, bar graph demonstrating expression of Hcn4, Gja5 and Scn5a 
in Venus-positive cells compared to left atrial myocardium. E, bar graph demonstrating action potential 
characteristics of Venus-positive and Venus-negative cells. F, If current in Venus-positive cardiomyocytes 
and INa in Venus-negative cardiomyocytes. Abbreviations: BPM indicates beats per minute; ct, crista 
terminalis; ias, interatrial septum. For other abbreviations see previous Figure legends. 

proefschrift.indb   133 8-11-2012   13:33:29



134

however, the expression domain of Hcn4 includes the entire sinus venosus, and only 
during late fetal stages Hcn4 becomes confined to the sinus node46. Hcn4 marker 
mice have not been reported, although several Hcn4 mutants, including an inducible 
Hcn4-KiT-Cre allel, have been generated and studied. Hcn4-KiT-Cre, for example, has 
been crossed with a Cre-reporter mouse, demonstrating specific reporter activation in 
the sinus node after tamoxifen administration56. However, expression of the transgene 
in the working myocardium and Cre recombination efficiency are issues that need 
further investigation. 

Recently, Islet-1 (Isl1) has been shown to mark the sinus node in mouse, human and 
fish18. Intriguingly, we found that expression of Isl1 is limited to the presumed sinus node 
region and does not extent into the internodal tracts. An import issue that needs further 
investigation, however, is the observation that only a subpopulation of approximately 
half of the Hcn4 expressing sinus node cells expresses Isl118. 

We conclude that Tbx3Venus is currently the only available transgenic marker of the 
sinus node, and the earliest, and most precise marker of the developing conduction 
system, with exception of the Purkinje fiber network. Tbx3Venus is a bright and direct 
marker, not depending on potential Cre-sensitivity. A potential limitation of this mouse 
model is its heterozygosity for Tbx3. Previously, we have shown that Tbx3 is involved 
in the regulation of conduction system development and homeostasis. Therefore, the 
conduction system of heterozygous Tbx3 mutant mice might be affected. So far, no 
differences have been observed in the sinus node or AV node between heterozygous and 
wild-type mice23,24. Arrhythmias have been reported in response to reduced expression 
of Tbx337, but they were reported only for mice in which the reduction of Tbx3 was 
more than 2-fold. In human, however, heterozygous mutations in TBX3 were found to 
cause malformations in Ulnar-mammary syndrome, with sporadic patients suffering 
from ventricular septal defects57-59.

Visualization of the conduction system components
To provide a more readily available tool to study the complex 3D-structure of the sinus 
node and related tissues, we generated a 3D-reconstruction of the Venus-positive domain, 
representing the cardiac conduction system. Venus is highly suitable for this purpose 
because 1) Venus specifically marks the components of the cardiac conduction system, 
2) in contrast to Tbx3, Venus is present in the cytosol clearly marking the cells, and 3) 
the signal of the fluorescently labeled Venus antibody is very clear. The Venus-positive 
domains that we found are highly similar to previously reported sinus node domains 
and internodal tracts of conduction system tissues in human, rabbit and mouse3,19,60,61. 
The reported shape of the sinus node is comma-shaped, with the sinus node head at 
the sino-auricular junction and the sinus node tail running down the crista terminalis. 
In Tbx18-null embryos the sinus node head was not formed, whereas the sinus node 
tail was present, indicating that these sinus node components represent separate 
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regulatory domains61. We observed and reconstructed a ‘circular’ Venus-positive 
domain surrounding the entrance of the superior caval vein. The brightest fluorescence 
was observed at the right lateral side of the superior caval vein, corresponding to the 
location of the sinus node head, that consists of densely packed small pacemaker cells3,62. 
Interestingly, although a circular shape of the sinus node has never been reported in 
mouse, rabbit and human, we recently found that the sinus node domain in zebrafish is 
a ring around the entrance of the atrium63. 

The sinus node tail is clearly visible, using fluorescence microscopy. In the 
3D-reconstruction, however, the sinus node tail is continuous with the right internodal 
tract. Immunolabeling is more sensitive to detect signal, thereby explaining a broader 
domain of Venus-positive tissue than observed with fluorescence microscopy. It has 
been shown that the sinus node is surrounded by myocardium that expresses both 
working myocardial genes and pacemaker genes. In human, this myocardium has 
been designated the paranodal area and has been analyzed molecularly, revealing 
a distinct gene expression profile, albeit closely related to the working myocardium2. 
Subsequently, the sinus node and paranodal area have been reconstructed and action 
potential characteristics and histology have been elegantly incorporated in the model60. 
The paranodal area spirals around the sinus node tail and runs further down the crista 
terminalis. A paranodal area has not been reported in mouse or rabbit. 

In rabbit, however, the myocardium in between the sinus node and adjacent myocardium 
is characterized by expression of Hcn4, Scn5a, Gja1 and Nppa and high levels of Cacna1d. 
The sinus node is characterized by high levels of Hcn4/Cacna1d and low Scn5a/Gja1/Nppa 
and the working myocardium by the complementary profile19. This myocardium with an 
intermediate phenotype has been designated the ‘sinus node periphery’, resembling in 
phenotype the paranodal area. In mouse, intermediate phenotypes have not been shown. 
What has been shown are ‘interdigitations’3. Hcn4-positive fingers project into the 
atrial muscle and Cx43-positive strands penetrate into the sinus node, thereby creating 
a transitional zone. In human similar ‘radiations’ have been reported64. We did not study 
this aspect in detail, but we did observe clear fluorescent ‘radiations’ projecting from the 
sinus node into the adjacent myocardium (Fig. 3A). 

The two Venus-positive internodal tracts that we report most likely belong to 2 of the 
3 internodal tracts that have been described and debated previously45,65-67. Classical 
studies throughout the last century identified Purkinje-like or conduction system cells 
within the course of these preferential pathways38,45,67. Molecularly, such strands have 
been identified in CCS-lacZ mice10, and Gln2/Leu-7/HNK-1 labeling studies44,68,69. 
In rat, Hcn4-expressing nodal-like cells were identified in a tract within the interatrial 
groove70, resembling the left internodal tract that we found. Functional experiments 
revealed that the leading pacemaker site could shift to this location in the presence of 
isoproterenol70. 
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Fast conduction through either of these non-insulated tracts has never been 
demonstrated convincingly. The orientation of the working cardiomyocytes is likely to 
be responsible for preferential conduction through the atrial muscle bands65. This is 
supported by experiments showing broad fronts of excitation waves through the muscle 
bands, regardless of the site of activation71. Our data confirm the existence of internodal 
tracts. Ironically, these cells are not ‘specialized’, but have retained their primitive, and 
therefore likely slow-conducting phenotype (reviewed in72). The ability of the internodal 
tract to ensure sino-ventricular conduction when conduction through the atrial working 
myocardium is hampered, as has been shown during hyperkalemia73 and sodium 

Figure 7, snapshots taken from the interactive 3D reconstruction. Please note that the contour of the 
heart is formed by the contour of the lumen. Therefore, the conduction system is situated outside the 
contour of the heart. Please find the interactive 3D-PDF online at www.3D.hfrc.nl. 
Abbreviations: oft indicates outflow tract (aorta + pulmonary trunk); pv, pulmonary veins. I, the sinus 
node head; II, sinus node tail and/or posterior internodal tract; III, left lateral part of sinus node, referred 
to in a “horseshoe shaped sinus node”; IV, anterior internodal tract; V, medial internodal tract. VI, venous 
valves region. For other abbreviations see previous Figure legends. * indicates the sinus venarum
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Figure 8 A, fluorescent image of E12.5 embryo heart, caudal view. Note that the majority of the sinus 
venarum is fluorescent. B, immunolabeling of E12.5 sections of the embryonic heart. In the left upper 
panel an overview in which the other 3 panels (1 to 3) are indicated with a box. Antibodies and color codes 
as indicated in the images. C, typical examples of action potentials of E12.5, E17.5 and adult pacemaker 
cells. D, bar graphs depicting cycle length and action potential characteristics of E12.5, E17.5 and adult 
pacemaker cells. 
Abbreviations: b. indicates bronchus; Cs, cushion; l/r avc, left/right AV canal; r a/v w, right atrial/
ventricular wall; tr, trachea. For other abbreviations see previous Figure legends.* indicates the sinus 
venarum
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current blockade66 which might be an explanation for evolutionary preservation of the 
internodal tracts. 

The impulse originates within the Venus-positive domain
We demonstrate that the electrical impulse is generated within the Venus-positive area, 
at the top of the crista terminalis, in close proximity to the junction of the superior caval 
vein and the right atrial appendage. This anatomical location is generally accepted as the 
first site of activation and has been reported for mouse, rabbit and human3,6,60,74. For 
rabbit, the reported location of initiation of the cardiac impulse appears to be further away 
from the sinus node head6. We investigated pacemaker shift through beta-adrenergic 
stimulation, as has been demonstrated previously for mouse and rabbit6,74. These studies 
showed a shift towards the superior caval vein in the presence of isoproterenol. We did 
not observe such a clear pacemaker shift, possibly due to insufficient sensitivity of our 
set-up or the use of noradrenalin rather than isoproterenol. Importantly, although the 
pacemaker shifts appeared random, the leading pacemaker site always remained within 
the Venus-positive domain. 

A major advantage of this line is the possibility to isolate fluorescent pacemaker 
cells and characterize in detail their electrophysiological properties. Previously, single 
pacemaker cells were identified by microscopy on the basis of their morphology. 
Tbx3Venus facilitates the unbiased detection of the pacemaker cells, and distinguishes 
unequivocally pacemaker cells from working myocytes. Furthermore, Tbx3Venus can be 
used to isolate pure cell populations through FACS to further investigate their molecular 
properties. 

Development of the conduction system
As Tbx3 is a very early marker of conduction system cells, we used Tbx3Venus to study 
development of the sinus node. We studied E10.5 to E17.5 embryonic and fetal hearts. 
The bright fluorescence that we found at the junction of the right superior caval vein 
and the right atrium corresponds with the notion that Tbx3 is the executor of the sinus 
node gene program, defining the sinus node primordium from approximately E10.5 
onwards20,46. Hcn4 is expressed in the entire sinus venosus in the embryonic heart 
tube75. Once Tbx3 is expressed in the sinus node primordium, the expression domain of 
Hcn4 becomes restricted to this region46. This is in accordance with functional data that 
show that the leading pacemaker site shifts from the left sinus horn to the sinus node 
primordium46,66. 

By isolating fluorescent cells at 3 developmental time points we were able to study 
changes in action potential characteristics in sinus node cells during development. 
Patch-clamp experiments with fluorescent cells that we collected, reveal a certain 
‘maturation’ of the pacemaker action potential, being an increase in diastolic 
depolarization velocity, an increase in MDP, an increase in the action potential upstroke 
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velocity, and a decrease in action potential duration. The overall effects on the action 
potential configuration results in a decrease of the cycle length, which has also been 
shown previously76. We demonstrate that the decrease of the cycle length is due to action 
potential shortening and the increased diastolic depolarization rate. We hypothesize 
that developmental changes in the intracellular ‘calcium clock’, which has been shown 
to be important for pacemaking77, underlie the shift in threshold potential as can be 
observed in Figure 8C. 

Together, these data show that Tbx3Venus marks developing sinus node cells from 
early stages in development onwards. Furthermore, these experiments illustrate how 
Tbx3Venus facilitates research in the field of conduction system development. 

Conclusion and future perspectives
Tbx3Venus is a novel and reliable tool to visualize the conduction system in situ and 
Tbx3Venus mouse hearts greatly simplify collection and investigation of pacemaker 
cells. Promising areas of future conduction system research include, for example, the 
intercross of Tbx3Venus with other transgenic mouse lines carrying mutations affecting 
sinus node structure or function, or detailed characterization of gene expression profiles 
of conduction system components. Development of new therapies for sinus node 
dysfunction requires knowledge of structure, function and molecular composition. 
We conclude that Tbx3Venus facilitates integration of these important aspects of the 
conduction system during development and disease.
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Supplementary file 1.
Venus-positive, but Tnni3-negative cells in atrial and ventricular myocardium. Note that the expression 
pattern at E17.5 suggests endothelium, which is confirmed by double labeling of Venus and Pecam1. 
Abbreviations: rvw indicates right ventricular wall. For other abbreviations see previous Figure legends. 
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Abstract
The sinus node generates the electrical impulse, which spreads rapidly over both 
atria, causing them to contract simultaneously. In the normal heart, a layer of 
connective tissue electrically insulates the atria and ventricles. The only pathway that 
crosses this plane is the atrioventricular conduction axis, through which the impulse 
reaches the ventricles. Within the axis, the atrioventricular node delays the impulse, 
allowing the ventricles to be filled before their contraction is initiated. Moreover, the 
atrioventricular node protects the ventricles from rapid atrial arrhythmias, and may 
take over pacemaker function when the sinus node fails. In pathological conditions, 
these complex physiological properties contribute to several types of arrhythmias that 
originate from the atrioventricular conduction system. One example is atrioventricular 
block, which requires electronic pacemaker implantation as there is currently no cure 
for this arrhythmia. Because conduction system defects may arise during embryonic 
development, the mechanisms of conduction system development have been intensively 
studied. Nevertheless, its developmental origin, molecular composition and phenotype 
have remained fertile subjects of research and debate. Lineage and expressional analyses 
have indicated that the atrioventricular node develops from a subpopulation of precursor 
cells in the dorsal part of the embryonic atrioventricular canal. These 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. 
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Introduction
The working myocardial cells of the atria are electrically separated from those of the 
ventricles by insulating connective tissue, which also serves as attachment for the 
atrioventricular (AV) valves. The only electrical connection is provided by the AV 
conduction axis, which consists of the AV node, AV bundle and bundle branches, and is 
connected to the Purkinje fiber network of the ventricles. Its function is to transmit the 
electrical impulse from the atria to the ventricles. An important property of the AV node 
is slow propagation of the impulse, allowing the ventricles to fill before their contraction is 
initiated (reviewed in1). In addition, the relatively long refractory period results in temporal 
unexcitability, which protects the heart from transmission of atrial tachyarrhythmias to 
the ventricles. Furthermore, the AV node has pacemaker properties and can act as the 
secondary pacemaker in case of sinus node dysfunction (reviewed in2, 3). 

The AV node is generally depicted as a well-defined, rounded structure in the dorsal 
wall of the heart at the junction of the atria and the ventricles (Fig. 1A). In reality, the 
AV nodal region is composed of several domains of myocardial cells with different 
properties, interspersed by connective tissues and nerves, which together form a 
complex and heterogeneous anatomical structure2, 4. Several studies have indicated the 
presence of a fast and a slow pathway in the AV node and paranodal areas consisting of 
transitional cells5-7. Thus, instead of a clearly demarcated simple structure, the AV node 
is a heterogeneous conglomerate of cells (Fig. 1B) with the compact node in the center. 
The compact node is part of the nodal AV ring, which forms a figure of eight around 
the mitral and tricuspid valves within the lower rim of the atrial chambers (Fig. 1C)8, 9. 
Transitional cells cover the nodal AV ring and connect the atrial working myocardium 
with the nodal tissues. In ventricular direction, the compact node connects to the 
lower nodal cells and the AV bundle. Thus, the electrical impulse has to go through 
the compact AV node to reach the AV bundle and penetrate the plane of insulation. 
Therefore, the compact node can be regarded as the central crossing point defining the 
velocity of propagation of the impulse to the ventricles. Given the distinct properties and 
structures of the components of the AV conduction axis, it may not be surprising that 
they have distinctive gene expression profiles6-8, 10, 11.

The AV conduction axis is a recurrent source of tachy- and brady- arrhythmias. The 
central parts of the conduction axis are involved in AV nodal reentrant tachycardia and 
AV block (reviewed in2), requiring lifelong medication, ablation, or electronic pacemaker 
implantation. In healthy dogs and pigs, cells were found in close proximity to the base 
of both the mitral and tricuspid valves that resemble AV nodal cells in their cellular 
electrophysiology12. These cells correspond to the above-described nodal AV ring cells, 
which can be the substrate for ectopic pacemaker foci13, 14. Accessory pathways in the 
AV junction that cross the plane of insulation can cause pre-excitation syndromes such 
as Wolff-Parkinson-White syndrome15. 
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Our understanding of the development16, anatomy4, and molecular basis of the 
physiological function3, 11, 11, 17 of the AV conduction axis has increased tremendously. 
Nevertheless, insights into the developmental origin of the AV conduction system and 
the regulatory programs that control its formation and function are limited. Several 
questions remain to be answered. Does the AV canal myocardium contain the precursor 
cells of the AV node, and is the AV canal the only contributor, or do other (adjacent) 
tissues, such as the sinus venosus, AV bundle or working myocardium also contribute 
cells to the AV node during development? How and when are the AV nodal precursor 
cells specified, and how does the AV node grow? Is the AV nodal gene program similar to 
the AV canal gene program, and how do these gene programs provide form and function 
to the AV node? Clearly, such knowledge would provide the base required for subsequent 
studies on the pathogenesis and treatment of congenital defects and arrhythmias 
associated with the AV conduction axis. 

The AV node is derived from the embryonic AV canal
The primary heart tube consists of slow-conducting and poorly differentiated 
cardiomyocytes. While this tube grows by addition of myocytes to its poles, specific 
regions within the heart tube differentiate and expand to form the atrial and ventricular 
chamber (or working) myocardium16 (Fig. 2). This chamber myocardium acquires 

Figure 1 Various depictions of the AV node. A, the AV node is generally depicted as a well-defined 
rounded structure (picture modified from Netter, Atlas of Human Anatomy). B, 3-dimensional 
reconstruction of the rabbit AV node (Boyett et al. 2005) illustrating the complexity of the AV nodal 
region. C, 3-dimensional reconstruction of the mouse heart. The base of the ventricles is exposed by 
removal of the atria. The AV ring is depicted in yellow and surrounds both atrioventricular orifices. 
Note that the compact node and inferior nodal extension are part of the ring shaped nodal tissues. 
Find a 3D interactive model of the AV conduction axis at http://circres.ahajournals.org/cgi/data/
CIRCRESAHA.110.222992/DC1/2.  
Abbreviations: Ao indicates aorta; AVB, atrioventricular bundle; AVN, AV node; cn, compact node; 
CS, coronary sinus; ine, inferior nodal extension; L/R A, left/right atrium; l/r avr, left/right AV 
ring; L/R V, left/right ventricle; MV, mitral valve; PNE, posterior (or inferior) nodal extension; PT, 
pulmonary trunk; rBB, right bundle branch; SAN, sinus node; TV, tricuspid valve. 
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fast-conductive properties, whereas the myocardium in-between the chambers becomes 
recognizable as a constriction or ring, the AV canal. This myocardium retains its 
primary phenotype18. The electrical impulse is initiated in the leading pacemaker site 
in the sinus venosus and propagated rapidly through the differentiated myocardial cells 
of the atria. After being activated, the atria contract synchronously to pump the blood 
through the AV canal into the embryonic ventricle. Owing to the slow conduction in 
the AV canal, the electrical impulse is delayed to allow complete filling of the ventricle. 
Thus, functionally, the embryonic AV canal resembles the adult AV node, although the 
fibrous insulation and a node-like structure have not yet been formed.

Also at the histological level, both the embryonic AV canal myocytes and the mature 
AV nodal cells have properties in common. Compared to working myocardium, AV 
nodal cells have poorly formed myofibrils, and they contain fewer mitochondria19. The 
combination of observations that the AV canal and AV node share location, function and 
appearance, inspired researchers many decades ago to hypothesize that the AV node is 
derived from AV canal myocardium (reviewed in19). Proof that AV canal cells indeed 
generate the mature AV node remained lacking. 

In the seventies of the previous century, Virágh and Challice meticulously described 
how the AV node develops within the dorsal wall of the AV canal20, 21 (Fig. 2). Through 
(electron) microscopy and periodic acid Schiff ’s staining they identified large glycogen-

Figure 2 Schematic overview of heart development in higher vertebrates. At the looping stage of 
cardiac development, chamber myocardium (blue) expands from the outer curvatures of the heart 
tube, whereas non-chamber myocardium (grey) of the sinus horns (sh), atrioventricular canal (avc), 
outflow tract (oft), and inner curvatures does not expand and retains its primary phenotype. The 
blue chamber myocardium will further differentiate into working myocardium of the atria and the 
ventricles. Grey primary myocardium will give rise to the conduction system components, but can 
also differentiate into blue working myocardium. In 1977, Virágh & Challice reported specialized 
cells in the dorsal wall of the AV canal that connected directly to the trabecules and the crest of the 
interventricular septum. See text for details or Virágh & Challice, 1977a. 
Abbreviations: oft indicates outflow tract; r/lbb, right/left bundle branch; pvcs, peripheral ventricular 
conduction system; scv, superior caval vein; sh, sinus horn. For other abbreviations see previous 
figures.
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rich cells that are part of the embryonic and adult cardiac conduction system. They found 
AV nodal cells in the dorsal wall of the AV canal, which from the outset were contiguous 
with cells of the ventricular trabecules and the crest of the interventricular septum. 
These latter cells were assumed to be the precursors of the ventricular conduction 
system and AV bundle, respectively20. These studies supported the notion that the AV 
node forms from the AV canal. Interestingly, after birth, an AV nodal ring is still present 
between the atria and the ventricles8, 9, suggesting that not only the AV node, but the 
entire embryonic AV canal myocardium is maintained in the mature heart.

Several hypotheses have been postulated for the formation of the cardiac conduction 
system. These are the ‘multiple ring model’, the ‘recruitment model’ and the ‘early 
specification and growth model’. The multiple ring model hypothesizes that rings of 
conduction system tissue are present in the tubular heart prior to chamber formation22. 
Constrictions visible on the external surface of the early heart tube were interpreted 
as the borders of segments representing the compartments (chambers) of the adult 
heart. These constrictions were assigned to be rings of nodal tissue and the precursors 
of the conduction system. Fate-mapping experiments and molecular lineage analyses 
have convincingly demonstrated that the linear heart tube contains little more than the 
precursors for the definitive left ventricle. All other parts of the heart are added later in 
development from precursor pools outside the heart23. Furthermore, these rings have 
never been demonstrated to exist in the early developing heart. Based on these findings, 
this theory can be dismissed. 

The recruitment model states that the components of the conduction system form by 
inductive recruitment of multipotent cardiomyocytes to an initial network of conduction 
system cells. This model was proposed for the development of the Purkinje fiber network 
and later extended to other components of the conduction system24, 25. The model was 
based on three findings. 1) Working myocytes and conduction system cells are derived 
from shared precursor cells. 2) The gene expression patterns of particular genes such 
as Msx2 indicate the presence of specified AV conduction system cells in the early 
embryonic heart. 3) Putative embryonic conduction system cells withdraw from the cell 
cycle early in development26. Hence, to grow, the conduction system recruits adjacent 
(non-conduction system) myocytes. 

For the AV node and AV rings, the latter argument has been disproved by recent 
lineage and proliferation analyses. These experiments revealed that the proliferation 
rate of AV canal cells is low, but more than sufficient to form all atrial components 
of the AV conduction axis8, 27. Furthermore, these experiments showed that a large 
proportion of the left ventricle is derived from the AV canal. Recruitment, therefore, 
is not required for the formation of the AV node. To investigate possible contributions 
of other cardiac components to the AV node, additional lineage experiments were 
performed. Contribution of the ventricular myocardium (including the AV bundle), the 
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dorsal mesenchymal protrusion (vestibular spine), the epicardium or the sinus venosus 
were excluded8.

These results are clearly supporting the ‘early specification and growth model’16. 
There is, however, a previously unappreciated population of AV canal cells that 
differentiate into working myocardium during development, suggesting that it is working 
myocardium that is recruited from cells initially expressing conduction system markers.  

Specification of the AV node revealed by its gene expression program
Previous expression studies have provided a wealth of data on gene expression in the 
AV node8, 10, 11, 17. Some details concerning the precise molecular signature of the AV 
node vary between species, and have been subject of debate and controversy owing to 
the difficulty to isolate nodal tissue free of other tissues, and technical issues regarding 
unambiguous detection of proteins by immunohistochemistry. Currently, we define the 
AV node and AV ring as being positive for the pacemaker channel Hcn4, the subunits 
for slow-conducting gap junction channels Cx45 and Cx30.2 (mouse only) and the 
transcription factor Tbx3, and negative for the subunits for fast-conducting gap junction 
channels Cx40 and Cx43 (Table 1). The α subunit of the major cardiac sodium channel 
Nav1.5 (encoded by Scn5a) required for the rapid upstroke of the action potential, is 
virtually absent from AV nodal cells. In contrast, the AV bundle expresses high levels 
of Cx40 and Scn5a, which provide it with fast-conductive properties, and allows its 
discrimination from the AV node.

Table 1 Markers of the distinct components of the mouse conduction system. The table shows the 
currently most useful markers to distinguish the components of the developing conduction system 
from other myocardium. Markers not sufficiently specific or initially broadly expressed, not clearly 
negative in unmarked regions, or not sufficiently characterized during development, have been 
omitted.

Notes: 1. Expression at low levels in all cardiomyocytes, up-regulation in the conduction system late 
in development. 2. Enriched in AV conduction axis during fetal stages, up-regulated in SAN during 
late fetal stages.
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Human genetic and transgenic animal studies have provided important insights 
into the molecular mechanisms that control the formation of the conduction system 
components and the expression of genes in these components. Heterozygous mutations 
in the genes for transcription factors NKX2-5 and TBX5 have been associated with 
congenital heart defects and AV block28. Nkx2-5 is expressed in all myocardium, but 
slightly higher in the AV conduction system, whereas Tbx5 is expressed in all atrial 
structures and the AV conduction system. Heterozygous Nkx2-5 and Tbx5 mutant mice 
have AV block, and the Nkx2-5 mutants develop hypoplasia of the conduction system29, 

30, along with defects in the Purkinje fiber network31. Importantly, in heterozygous Tbx5 
mutants, Cx40 expression is strongly reduced, revealing that this activating Tbox factor 
is critical for cardiac expression of this gene32. Nkx2-5 and Tbx5 cooperatively activate 
Id2 in the crest of the septum. This transcriptional repressor is required for AV bundle 
development33. Throughout development, Tbx3 is expressed in a continuous myocardial 
domain that includes the presumptive sinus node, AV canal, and the future AV bundle 
and bundle branches. In the adult heart, all conduction system components, except for 
the Purkinje fibers, still express Tbx334. Tbx3 is a powerful repressor of genes associated 
with the developing chambers, including Cx40, Cx43, Nppa and Chisel. Tbx3 acts as 
a molecular switch controlling the pacemaker gene program during development35. 
Furthermore, Tbx3-deficiency caused erroneous working myocardial differentiation 
of the sinus node and AV bundle, which ectopically express Cx40 and Cx4335, 36. 
Heterozygous mutations in TBX3 cause ulnar-mammary syndrome in humans, which, 
in rare cases, includes ventricular septum defects37, 38. The AV canal also expresses 
the transcriptional repressors Tbx2 and Msx2. These transcription factors, along with 
Tbx3, suppress the expression of Cx40, Cx43 and Scn5a27, 39, 40, which are expressed 
in the adjacent chamber myocardium as part of the initiated working myocardial gene 
program. Thus, broadly expressed transcriptional activators and locally expressed 
repressors control the localized suppression of differentiation and the formation of the 
AV conduction system. Because of the specific expression pattern of Tbx3 and its central 
role in conduction system specification, we developed transgenic tools based on Tbx3 to 
further unravel the functional and molecular characteristics of the conduction system.

BacTbx3EGFP: a novel and specific marker for AV nodal cells
To identify the regulatory sequences that control the expression of Tbx3, we generated 
mice with a modified bacterial artificial chromosome (BAC), containing the Tbx3 gene 
in which the fluorescent protein-encoding EGFP gene was inserted at the translation 
start site of Tbx3 (BacTbx3EGFP; Fig. 3)41. Four independent mouse lines carrying this 
transgene were generated and compared, and all four lines showed comparable EGFP 
patterns that were highly similar to the pattern of endogenous Tbx3 (Fig. 3B,E). In the 
heart, this BAC drives expression of EGFP only in a sub-domain of the Tbx3-positive 
conduction system. Expression was first detected in the AV canal of young (E9.5) mouse 
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embryos, and at the end of gestation became confined to the AV node, right AV ring and 
anterior nodal region. This continuous pattern supports the notion that the AV canal 
contains the precursors of the mature AV node and ring. Interestingly, BacTbx3EGFP 
does not drive expression of EGFP in the sinus node, left part of the AV ring, AV 
bundle and bundle branches. These findings indicate that this BAC lacks the regulatory 
sequences for gene activity in these components, revealing the modular nature of the 
regulatory DNA sequences for the conduction system. Furthermore, EGFP expression 
was limited to myocardial cells, whereas Tbx3 itself is also expressed in the AV cushion 
mesenchyme. Expression of EGFP co-localized with the AV canal markers Tbx2 and 

Figure 3 Overview of BacTbx3EGFP. A, Alignment of human against mouse Tbx3 genomic 
region covered by BacTbx3EGFP. B, Whole mount in situ hybridization of endogenous Tbx3. C-F, 
Fluorescence pictures of an embryo (E) to compare with the endogenous expression pattern (A) and 
embryonic hearts at different time points of development (C, D, F). Note that expression of EGFP 
in the AV canal is progressively restricted to the developing AV node. G, Immunohistochemical 
detection of Tbx3 and EGFP in the AV node and AV bundle. View, developmental stage and staining 
have been indicated in the panels. 
Abbreviations: aavc indicates anterior AV canal; at, atrium; fl, forelimb; l/r sh, right/left sinus horn; 
rarb, retro- aortic root branch; thd, thyroid gland. For other abbreviations see previous figures. 
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Tbx3, and was strictly complementary to the chamber myocardial markers Cx40, 
Cx43 and Nppa. Electrophysiological measurements further confirmed that EGFP+ 
cells have characteristics of nodal cells and EGFP- cells of working myocardial cells41. 
Thus, BacTbx3EGFP represents the first specific marker for AV nodal cells. This mouse 
model was used to study the transcription profiles of the developing AV node through 
microarray analysis, providing new insights into the molecular pathways underlying 
differentiation and function of the AV canal and maturing AV node.

Expression profiles of the embryonic AV canal and fetal AV node
Hearts of BacTbx3EGFP mice were isolated at embryonic (E10.5) and late fetal (E17.5) 
stages. Single cells were purified by fluorescence-activated cell sorting (FACS) and gene 
profiles of the fluorescent cell populations were determined. To compare AV canal/
nodal cells with working myocardial cells, age-matched working myocardial cells were 
collected from BacNppaEGFP mice, in which EGFP is expressed selectively in the Nppa 
positive (developing) working myocardium42. Microarray analysis was performed on four 
groups of samples (embryonic AV canal and developing working myocardium, and fetal 
AV node and working myocardium). Transcripts known to be specific for the AV canal or 
AV node were enriched in cells purified from embryonic and fetal BacTbx3EGFP hearts, 
including Tbx3 itself, whereas known working myocardial transcripts were enriched in 
the cells purified from embryonic and fetal BacNppaEGFP hearts (Table 2). These data 
validate the microarray analysis, and indicate it efficiently identified transcripts specific 
for the developing AV node or working myocardium. 

Of the 46643 transcripts that can be detected by the microarray, the signal of 
15000-17000 was above threshold, indicating expression of these transcripts in the heart. 
To gain insight into the differences in the gene expression profiles between the AV canal/
node and working myocardium, and to gain insight into the developmental changes in 
gene expression, the number of transcripts significantly over- or under-represented 
in each group was calculated. This calculation revealed that ~2000 transcripts were 
differentially expressed between the embryonic AV canal and working myocardium 
at E10.5. This number increased to ~6500 at E17.5, revealing that the gene profiles 
diverge during development, indicative of progressive maturation (Fig. 4A,B). Further 
calculations were performed to compare embryonic AV canal and fetal AV nodal cells. 
Although the number of differentially expressed transcripts in nodal cells increased 
during development, the initial gene expression program of the embryonic AV canal was 
largely maintained in the fetal AV node (Fig. 4C). These data indicate that the AV canal 
changes considerably during its development into the AV node, but also maintains the 
original gene program that distinguishes it from the working myocardium.

To functionally categorize the extensive lists of differentially expressed genes we 
used the GeneOntology (GO) database, which is a database that clusters genes into 
functional categories. Next, we calculated which GO-categories were significantly over- 
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or under-represented in the AV canal, the AV node or in the working myocardium. In 
E10.5 embryonic hearts, 126 GO-terms characterize the difference between AV canal and 
working myocardium. Of these 126 GO-terms, 101 GO-terms (80%) also characterize the 
difference between the fetal AV node and working myocardium. These findings confirm 
that the maturing AV node largely maintains the genetic programs acquired at E10.5. 

In both the AV canal and AV node, GO categories associated with contraction, cell 
metabolism and electrophysiology were under-represented. These molecular data 
are fully in line with the notion that differentiation is suppressed in AV nodal tissue, 
which results in fewer mitochondria and a poorly-developed sarcoplasmic reticulum 
and contractile apparatus. Furthermore, a comprehensive list of ion channel subunits, 
auxiliary units and ion handling proteins, not previously associated with the conduction 
system or myocyte electrophysiology, could be provided.

GO-categories associated with cell differentiation, transcription and nervous system 
development, were over-represented in the AV canal and AV node. In nervous system 
development, many neural specific factors like neurotrophic factors, their receptors and 
several semaphorins were found to be enriched in the AV canal and node. Contamination 
of nervous tissue at E10.5 can be excluded as the innervation of the heart has not yet taken 
place. Therefore, this finding suggests a shared molecular program between developing 

Table 2 Established markers for the AV canal, AV node or the working myocardium were found 
to be significantly enriched in the corresponding sample groups in the microarray analysis. Fold 
differences in gene expression are also indicated in the table. N>W indicates that nodal expression is 
significantly higher in the nodal tissues than in the working myocardium; W>N, expression is higher 
in the working myocardium than in the nodal tissues; N=W, no difference in expression. 

proefschrift.indb   155 8-11-2012   13:33:37



156

nodal myocardium and nervous system tissue. Interestingly, it has been debated for years 
whether the conduction system was of neuronal origin. This idea regained support with 
the finding that the cardiac conduction system specifically expressed neuronal proteins 
such as neurofilament43, which is still a widely used marker for the conduction system 
in rabbit. In 1995 it was shown, however, that conduction system myocytes and working 
myocytes were derived from a common cardiac progenitor present in the embryonic 
heart tube44. It is ironic that we now begin to realize that the conduction system might 
be more related to the nervous system than suspected; not by common ancestry, but by 
shared genetic programs. The discovery of some of these neurotrophic factors might 
provide new clues to how the conduction system attracts neuronal innervation and 
guides angiogenesis. 

Conclusion and future perspectives
During the last decade, a molecular basis has been provided for the theory that the AV 
conduction system develops from cardiac cells specified early in development. These 

Figure 4 Microarray experiments comparing E10.5 and E17.5 AV nodal myocardium with 
stage-matched working myocardium. A-B, Pie charts summarizing microarray experiment I (E10.5) 
and II (E17.5), showing percentage of transcripts enriched in AV nodal tissue relative to age-matched 
WM (in red), enriched in WM relative to age-matched AV nodal myocardium (green), or expressed 
at similar levels. Of ~45000 transcripts on the array, ~33% was detectable in the examined tissues. 
Only the detectable transcripts are depicted in the pie charts. C, Evaluation of node-specific gene 
expression during development. Venn diagrams showing number of transcripts that is differentially 
expressed in the AVC at E10.5 and/or in the AVN at E17.5, relative to the working myocardium at 
E10.5. Overlap reveals genes involved in node-specific expression throughout development. Note 
that most transcripts that are differentially expressed at E10.5 in the AVC are also differentially 
expressed in the AVN at E17.5.
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precursor cells express transcriptional repressors that suppress working myocardial 
differentiation, allowing these cells to mature into nodal AV conduction system cells. 
A part of these embryonic precursor cells loses the expression of these transcriptional 
repressors and are incorporated into working myocardium. Tbx3 turned out to be a main 
transcription factor involved in early and localized specification of the AV canal and AV 
bundle, and responsible for repression of the working myocardial gene program. Studies 
into its function in the heart have revealed many details concerning the mechanisms of 
conduction system formation. Moreover, using its expression as a sensor for developing 
nodal AV tissues, it has been possible to assess the genome-wide expression profiles of 
these tissues during development. These studies have provided a wealth of data regarding 
the genes that mechanistically and functionally contribute to AV nodal cells. 

AV block, caused by dysfunction of the AV node or bundle, is currently treated by 
electronic pacemaker implantation. An alternative strategy would be to treat these 
patients with biological replacements. This could be achieved by tissue engineering, in 
which in vitro-made AV nodal tissue is transplanted into the heart, or by transplantation 
of AV nodal cells derived from stem cells such as embryonic or induced pluripotent stem 
cells, or by in vivo manipulation of cardiac cells of the diseased heart using gene therapy. 
To achieve this goal by any of these means, detailed knowledge is required regarding the 
programming of cardiac (progenitor) cells to become the right type of AV nodal tissue. 
The transcriptional repressors identified in developmental studies as described here may 
be key factors in programming these cells. The fluorescent genetic sensor BacTbx3EGFP 
may be a useful tool for monitoring the differentiation of stem cells into AV nodal cells. 
There are, however, many questions that need to be answered before we can truly repair 
the defective cardiac conduction system. 
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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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Het geleidingssysteem van het hart is verantwoordelijk voor het opwekken en het 
controleren van de hartslag. Het eiwit Tbx3 speelt tijdens de embryonale ontwikkeling 
een belangrijke rol in het ontstaan van het geleidingssysteem. Door Tbx3 te bestuderen 
zijn we meer te weten gekomen over het geleidingssysteem. Meer kennis over het 
geleidingssysteem is nodig om hartritmestoornissen te begrijpen en aanknopingspunten 
te vinden voor de ontwikkeling van nieuwe therapieën. 

Een hartspiercel (cardiomyocyt) gaat samentrekken als calcium de cel in stroomt 
door een ladingsverandering van de cel die wordt veroorzaakt door een elektrisch 
stroompje, de elektrische impuls. Deze impuls wordt opgewekt in de natuurlijke 
pacemaker van het hart, de sinusknoop. Zodra de impuls uit de sinusknoop komt en 
in de werkcardiomyocyten van de boezem terecht komt springt de impuls snel van 
hartspiercel naar hartspiercel. De boezems trekken daardoor vrijwel tegelijkertijd 
samen en pompen het bloed naar de kamers. De impuls kan niet overspringen naar 
de werkcardiomyocyten van de kamers. Er is één verbinding tussen de boezems en de 
kamers en dat is de atrioventriculaire (AV) knoop die in verbinding staat met de bundel 
van His. In de AV-knoop kan de impuls slechts heel langzaam van cardiomyocyt naar 
cardiomyocyt springen, waardoor de AV-knoop de voortgeleiding vertraagt. Door deze 
vertraging hebben de boezems de tijd om de kamers te vullen. Als de impuls eenmaal 
aankomt in de bundel van His gaat de voortgeleiding juist heel erg snel. Via de bundel 
van His komt de impuls in de bundeltakken en vervolgens in het Purkinje-netwerk. 
Het Purkinje-netwerk heeft allemaal kleine uitlopertjes en zorgt ervoor dat de impuls 
op heel veel plaatsen tegelijk in het werkmyocard van de kamers aankomt. Ook de 
werkcardiomyocyten van de kamers zijn goed gekoppeld waardoor ook zij de impuls snel 
aan hun buren doorgeven. De cardiomyocyten van de kamers trekken hierdoor vrijwel 
gelijktijdig samen en pompen het bloed krachtig het lichaam in. 

Er zijn in het hart grofweg twee soorten cardiomyocyten. Cardiomyocyten die 
het echte pompwerk verrichten in de boezems en de kamers en cardiomyocyten die 
behoren tot het geleidingssysteem (in het Engels ‘conduction system’). De sinusknoop, de 
AV-knoop, de AV-bundel, de bundeltakken en het Purkinje-netwerk tezamen, wordt het 
geleidingssysteem genoemd. De term geleidingssysteem is eigenlijk onlogisch en wel om 
de volgende reden. Zoals hierboven beschreven is, wordt de impuls tussen de sinusknoop 
en de AV-knoop vrij snel voortgeleid door werkcardiomyocyten. Deze cellen worden 
echter niet tot het geleidingssysteem gerekend, terwijl ze dus wel ‘snel geleiden’. Ook de 
werkcardiomyocyten van de kamers zijn vrij snelle geleiders. Je zou dus kunnen zeggen 
dat alle cellen van het hart tot het geleidingssysteem behoren. 

Een tweede kanttekening bij de term geleidingssysteem is dat deze term geen 
recht doet aan misschien wel de belangrijkste taak van het geleidingssysteem: het 
opwekken van de impuls. Deze taak van ‘pacemaking’ komt dus niet naar voren in de 
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term geleidingssysteem. Naast de sinusknoop zijn overigens alle onderdelen van het 
geleidingssysteem in staat tot het opwekken van de elektrische impuls. Zij doen dit echter 
met een lagere frequentie, waardoor ze netjes meedoen met de opgelegde frequentie 
door de sinusknoop. Mocht de sinusknoop uitvallen dan kunnen andere cellen in het 
geleidingssysteem het ‘pacemaken’ overnemen. Er ontstaat dan een zogenaamde ‘escape 
beat’, die vaak in de AV-knoop of in de bundel van His ontstaat. ‘Pacemaking’ is dus 
een belangrijke taak van het geleidingssysteem en daarmee is de term geleidingssysteem 
die met name refereert aan ordentelijke voortgeleiding van de elektrische impuls op zijn 
minst onvolledig.  

Ook al is de term incorrect of onvolledig, de term geleidingssysteem wordt alom 
gebruikt en staat niet ter discussie. In dit boek zal dan ook de term geleidingssysteem 
gebruikt worden om het weefsel dat zich bevindt in de sinusknoop, de AV-knoop, de 
AV-bundel, de bundeltakken en het Purkinje-netwerk aan te duiden. Een betere naam 
voor het geleidingssysteem zou in mijn optiek het ‘impulse control system’ zijn, omdat 
het elegante systeem van knopen en draadjes ervoor zorgt dat de elektrische impuls 
wordt opgewekt en zich ordentelijk over de verschillende compartimenten van het hart 
verspreidt. 

Het geleidingssysteem wordt dikwijls ‘gespecialiseerd’ genoemd. Zoals in hoofdstuk 
1 en 2 uiteen gezet wordt, hebben de onderdelen van het geleidingssysteem veel 
overeenkomsten, ondanks enkele karakteristieke verschillen, zoals snelle en langzame 
voortgeleiding. Alle cellen van het geleidingssysteem zien er eigenlijk onderontwikkeld 
uit en lijken op embryonale cardiomyocyten waaruit het hart vroeg in de ontwikkeling 
ontstaat. Ze hebben bijvoorbeeld weinig spiervezels en weinig mitochondriën 
(energiefabriekjes in lichaamscellen). Daardoor zien ze er leeg uit en kunnen ze weinig 
spierkracht leveren. Functioneel zijn beide celsoorten in staat om een elektrische impuls 
op te wekken en geleiden ze die langzaam voort. 

In hoofdstuk 1 en 2, laten we zien dat het niet verwonderlijk is dat embryonale 
cardiomyocyten en geleidingssysteem cardiomyocyten op elkaar lijken, omdat het 
geleidingssysteem eigenlijk bestaat uit cardiomyocyten die primitief zijn gebleven. De 
werkcardiomyocyten daarentegen, hebben zich gespecialiseerd in het verrichten van de 
arbeid. Ze zitten vol met spiervezels, energievoorraden en energiefabrieken. Daarnaast 
geleiden ze de elektrische impuls snel voort, waardoor ze allemaal tegelijk samentrekken. 
Het vermogen om de elektrische impuls op te wekken hebben de werkcardiomyocyten 
nog wel, maar in zeer geringe mate. Het interessante is dus dat het niet de geleidings-
systeemcellen zijn die gespecialiseerd zijn, maar juist de werkcardiomyocyten. 

In deze hoofdstukken kijken we gedetailleerd naar de processen, waardoor een klein 
recht hartbuisje dat opgebouwd is uit embryonale cardiomyocyten verandert in een 
complex hart met twee boezems, twee kamers en een geleidingssysteem dat de elektrische 
impuls opwekt en voortgeleidt. Zulke processen worden heel precies geregeld door genen 
die op een bepaald moment aan of juist uit gaan. Voor cellen van het geleidingssysteem 
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Figuur Schematische tekening van het zich ontwikkelende hart. Aanvankelijk bestaat het hartbuisje 
alleen uit embryonaal hartspierweefsel (paars). Werkcardiomyocyten (licht grijs) gaan dan snel delen 
en er ontstaan uitstulpingen aan de embryonale hartbuis: de toekomstige boezems en kamers. Het 
paarse deel (de inflow tract, sinus hoorns, AV kanaal en outflow tract) blijft langzaam groeien en 
wordt steeds meer omgeven door de snelgroeiende boezems en kamers. In de sinus hoorn ontstaat 
de sinus knoop, in het AV-kanaal ontstaat de AV-knoop, in de interventriculaire ring ontstaat de 
bundel van His. Je ziet dus dat al deze structuren vanaf het begin met elkaar verbonden zijn en dat 
zij ontstaan uit het weefsel van de embryonale hartbuis dat zijn embryonale eigenschappen behoudt. 
Afkortingen: av betekent atrioventriculair; avk, AV-knoop; avka, AV-kanaal; b, boezem; ek, embryonale 
kamer; hb, bundel van His; ift, inflow tract; ivr; interventriculaire ring; l/r b, linker/rechter boezem; 
l/r bt, linker/rechter bundeltak; l/rk, linker/rechter kamer; oft, outflow tract; pn, Purkinje-netwerk; sh, 
sinus hoorn; sk, sinusknoop; vcs, vena cava superior. 
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geldt dat zij hun embryonale eigenschappen behouden doordat de transcriptiefactoren 
Tbx2 en Tbx3 in deze cellen aanwezig zijn. Transcriptiefactoren zijn eiwitten die ervoor 
zorgen dat in een cel bepaalde genen uit of aan staan. Als een gen ‘aanstaat’, wordt een 
eiwit gemaakt. Het totale pakket van eiwitten dat in een cel aanwezig is bepaalt de 
eigenschappen en dus de identiteit van een cel. Het hele pakket van genen dat aan en 
uit staat wordt ook wel eens een gen-programma genoemd. Zo is er bijvoorbeeld een 
‘levercel-programma’, maar ook een pacemaker-programma. Door gen-programma’s aan 
en uit te zetten bepalen transcriptiefactoren dus wat voor een soort cel de cel wordt. 

De embryonale hartspiercellen waarin Tbx2 en Tbx3 uit staan of uitgezet worden, 
gaan zich snel delen en specialiseren zich tot werkcardiomyocyten. De delen van het 
embryonale hartbuisje waar de invloed van deze factoren afwezig is, groeien uit 
tot de boezems en de kamers. De tussenliggende delen waarin Tbx2 en of Tbx3 nog 
wel aanwezig is houden embryonale eigenschappen en groeien langzaam uit tot de 
verschillende onderdelen van het geleidingssysteem. 

In hoofdstuk 2 laten we ook zien, waarom het te verklaren is dat hartritmestoornissen 
vaak op bepaalde punten in het hart ontstaan. Dit is vanuit de embryologie in veel 
gevallen goed te verklaren. De donkerpaarse banen in de tekening van het volwassen 
hart, bijvoorbeeld, zijn overblijfselen van de embryonale hartbuis. Deze cellen zijn terug 
te vinden in het volwassen hart. Zoals hierboven is beschreven, kunnen deze cellen 
gemakkelijker de elektrische impuls opwekken. Het is dan ook niet verwonderlijk dat 
hartritmestoornissen vaak in deze gebieden hun oorsprong hebben. 

Hoofdstuk 3 gaat over het onderzoek dat we gedaan hebben naar de ontstaanswijze 
van de bundel van His, en of Tbx3 daarin een rol speelt. De bundel van His wordt ook 
wel de AV (atrioventriculaire) bundel genoemd en bestaat uit zeer snel geleidende vezels 
(ongeveer 2 m/s) met als doel de impuls snel bij de werkcardiomyocyten van de kamers 
te krijgen. De bundel van His vertakt zich vrij snel in een rechter en een linker bundeltak 
die vervolgens naar de punt van het hart lopen. 

We laten zien dat Tbx3 het eerst bekende gen is dat het gebied van de zich 
ontwikkelende bundel van His markeert. Vervolgens laten we zien dat Tbx3 hier ook 
een functie vervult. In een transgene muis hebben wij het gen Tbx3 zo veranderd dat 
het niet meer functioneert. We zien dan dat de bundel van His aanvankelijk wel wordt 
aangelegd, maar dat allerlei genen die normaal alleen maar in werkcardiomyocyten 
worden aangezet, nu ook in de zich ontwikkelende bundel van His worden aangezet. De 
bundel van His verliest hierdoor zijn eigen karakter en gaat lijken op het ernaast gelegen 
werkmyocard. Dit experiment laat zien dat Tbx3 nodig is om de bundel van His zijn 
‘embryonale’ karakteristieken te laten behouden. 

De reden dat de bundel van His en de bundel takken snel geleidend zijn, komt doordat 
in deze structuren veel Connexine 40 (Cx40) aanwezig is. Cx40 is een eiwit dat een 
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kanaaltje vormt tussen twee cellen, waardoor deze cellen aan elkaar gekoppeld zijn. In het 
geval er veel van deze kanaaltjes zijn, wordt de elektrische impuls heel snel voortgeleid. 
Dat er juist veel Cx40 in de bundel van His aanwezig is, is een heel interessant fenomeen, 
omdat er een belangrijke paradox inzit. Zoals hierboven uiteengezet is trage geleiding een 
belangrijke eigenschap van een deel van het geleidingssysteem en van het embryonale 
myocard. Vroeg in de ontwikkeling voldoet de bundel van His aan dit profiel. Het is 
zelfs zo dat Tbx3 een bekende remmer is van Cx40. Later in de ontwikkeling wordt deze 
remmende werking van Tbx3 op Cx40 teniet gedaan, waardoor Cx40 verschijnt in de 
bundel van His en de bundel van His uitzonderlijk snel gaat geleiden. Welk mechanisme 
hieraan ten grondslag ligt is nog niet duidelijk. We denken dat het een delicate balans is 
tussen remmers en activators van Cx40 en van Tbx3. Zo weten we dat de eiwitten Tbx5, 
Nkx2-5, Id2 en Irx3 een belangrijke rol spelen in de regulatie van de zich ontwikkelende 
bundel van His en in de regulatie van Tbx3 en Cx40. 

Tenslotte laten we ook nog zien dat embryo’s zonder Tbx3 meer cardiale problemen 
hebben. We vonden een gat in de tussenwand van de kamers en we vonden ernstige 
problemen met de aanleg van de aorta en de longslagader. Deze kwamen in sommige 
gevallen beide uit de rechter kamer. 

In hoofdstuk 4 wordt de hypothese getoetst of Tbx3 in staat is om volwassen 
werkcardiomyocyten te veranderen in pacemaker-achtige cellen. Eerdere experimenten 
hebben aangetoond dat Tbx3 in staat is om werkcardiomyocyten te veranderen in 
pacemaker-achtige cellen als Tbx3 wordt aangezet wanneer het hart nog in ontwikkeling 
is. Deze werkcardiomyocyten zijn nog niet uitgedifferentieerd, wat wil zeggen dat 
de cellen nog niet hun definitieve karakter hebben. Omdat het een zeer interessant 
aanknopingspunt zou zijn voor het ontwikkelen van een biologische pacemaker 
onderzochten we de belangrijke vraag of Tbx3 ook in staat is om volledig gedifferentieerde 
werkcardiomyocyten in een volwassen hart te reprogrammeren. Om dit te bestuderen 
hebben we een transgene muis gemaakt die Tbx3 aanzet in alle hartspiercellen, op het 
moment dat aan deze muizen een bepaald stofje wordt toegediend (tamoxifen). We 
vonden grote verschillen in genen die aan of juist uit stonden, tussen behandelde muizen 
en controle muizen. Werkcardiomyocyten bleken genen uit te schakelen die voor hen 
typisch zijn, waardoor ze zich meer gingen gedragen als pacemaker cellen. Klassieke 
pacemaker genen werden echter niet aangezet, waaruit bleek dat er geen complete 
herprogrammering plaatsvindt. 

Tijdens de ontwikkeling van werkmyocyten worden dus belangrijke eigenschappen 
van pacemaker cellen uitgezet. Door Tbx3 aan te zetten in werkcardiomyocyten wordt 
dit proces teruggedraaid waardoor onder andere de geleiding trager wordt en de cellen 
gemakkelijker een elektrische impuls kunnen opwekken. Deze proef laat zien hoe krachtig 
de onderdrukking is van Tbx3 op het gen-programma van de werkcardiomyocyten. Het 
is potentieel ook een interessante bevinding voor de ontwikkeling van de biologische 
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pacemaker. Wanneer de sinusknoop niet meer goed werkt, wordt nu een elektronische 
pacemaker geïmplanteerd. In de toekomst zal een elektronische pacemaker mogelijk 
niet meer nodig zijn, omdat we naar verwachting in staat zullen zijn om via gentherapie 
stamcellen of gewone werkcardiomyocyten te veranderen in een nieuwe biologische 
pacemaker. Voordelen van een dergelijke biologische pacemaker zouden zijn dat deze de 
hartslag aanpast bij inspanning of emotie en dat de biologische pacemaker bij kinderen 
meegroeit met het hart dat groter wordt. Met de proeven beschreven in dit hoofdstuk 
laten we zien dat het concept reëel is. Er is echter nog veel onderzoek nodig naar de 
uitvoering ervan en naar de hierbij betrokken genen. 

In hoofdstuk 5 wordt gebruik gemaakt van het feit dat Tbx3 specifiek in het 
geleidingssysteem aanwezig is. We hebben een transgene muis gemaakt waarbij in alle 
cellen waar Tbx3 wordt gemaakt, ook een fluorescerend groen-geel eiwit gemaakt wordt. 
Deze muis is Tbx3Venus genoemd. In dit hoofdstuk laten we zien dat Venus precies in 
dezelfde cellen zit als Tbx3 en daarmee het geleidingssysteem markeert. Venus zit net 
als Tbx3 alleen niet in het Purkinje-netwerk. In uitgenomen, nog kloppende harten 
laten we zien dat de elektrische impuls altijd in het fluorescerende gebied ontstaat, 
wat overeenkomt met het bekende sinusknoopgebied. Verder laten we zien dat losse, 
fluorescente cellen, karakteristieke eigenschappen vertonen van pacemaker-cellen. 
Hiermee tonen we aan dat we met deze muis specifiek sinusknoopcellen kunnen isoleren, 
wat weer nuttig is voor allerlei nieuwe experimenten. Zo hebben we deze toepassing 
aangewend om de zich ontwikkelende sinusknoop te volgen en losse sinusknoopcellen 
te isoleren op verschillende momenten tijdens de embryonale ontwikkeling. In losse 
cellen is het mogelijk elektrische stroompjes te meten die de elektrische eigenschappen 
van cellen bepalen. Dit heeft ons laten zien dat de belangrijke pacemaker stroom If  al 
vroeg in de ontwikkeling aanwezig is en dat de cardiale natriumstroom (INa) afwezig 
is in pacemaker cellen. INa is een karakteristieke stroom voor werkcardiomyocyten. 
Het is dus interessant te zien dat deze stroom al vroeg in de ontwikkeling afwezig is in 
pacemaker-cellen.

Omdat het geleidingssysteem in deze muis zo goed gemarkeerd wordt, hebben we 
door het Venus-gebied te reconstrueren, het geleidingssysteem gereconstrueerd en er 
een 3D interactieve PDF van gemaakt die online beschikbaar is voor verdere bestudering. 
Hierin is te zien hoe complex het gebied van de sinusknoop is en dat een structuur die 
lijkt op een knoop er niet in te zien is. 

We concluderen ten slotte dat Tbx3Venus een waardevolle, nieuwe marker is die 
het geleidingssysteem van het hart fraai laat zien: Tbx3Venus stelt ons in staat om 
geleidingssysteem cellen te isoleren en maakt het eenvoudiger om de anatomie van het 
geleidingssysteem te koppelen aan functie en genexpressie. 
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Hoofdstuk 6 handelt over de zich ontwikkelende AV-knoop. De relevante literatuur 
wordt onder de loep genomen en de Tbx3BacEGFP muis die recent door Horsthuis (2009) 
beschreven is, wordt uitgebreider bediscussieerd. Deze muis is oorspronkelijk gemaakt 
om, zoals Tbx3Venus dat doet, het geleidingssysteem te markeren. Het fluorescente eiwit 
komt in deze muis alleen maar tot expressie in de AV-knoop en delen van de AV-ring, maar 
is daardoor wel zeer geschikt om de ontwikkeling van de AV-knoop precies te volgen. 

We hebben geleerd dat de AV-knoop ontstaat uit een groep cellen in de achterkant 
van het AV-kanaal en al vroeg in de ontwikkeling is te onderscheiden. Door cellen van 
de AV-knoop te vergelijken met werkcardiomyocyten kunnen we de genen die aan- 
en uitstaan met elkaar vergelijken en zo iets zeggen over het soort gen-programma 
dat de AV-knoop draait. Zoals te verwachten, wordt in de cellen van de AV-knoop 
het werkcardiomyocyt-programma niet aangezet en het pacemaker-programma wel. 
Daarnaast is een interessante bevinding dat er veel genen worden aangezet die ook in 
zenuwcellen een belangrijke rol spelen. Er is in het verleden enige tijd gedacht dat het 
geleidingssysteem uit zenuwweefsel bestond. Met de nieuwe bevindingen berust die 
gedachte nog steeds niet op de waarheid, maar er zijn dus wel duidelijke overeenkomsten 
tussen het geleidingssysteem en zenuwweefsel. 

Een tweede vergelijking die we fraai konden maken was de vergelijking tussen de 
embryonale AV-knoop heel vroeg in de ontwikkeling en de AV-knoop zoals die net voor 
de geboorte is. Uit deze vergelijking komt naar voren dat de volgroeide AV-knoop in veel 
opzichten nog lijkt op de embryonale AV-knoop en dus op embryonale cardiomyocyten. 
Er vindt echter nog wel een duidelijke uitrijping plaats, doordat vele genen extra worden 
aangezet. 

Door het bestuderen van Tbx3 zijn we tot een beter inzicht gekomen in de vorming van 
het hart als geheel en in de vorming van het geleidingssysteem in het bijzonder. Meer 
kennis over de precieze regelmechanismes van de vorming van het geleidingssysteem en 
meer kennis over de ionkanalen en eiwitten die een rol spelen in het geleidingssysteem 
is nodig om ritmestoornissen en het defecte geleidingssysteem te kunnen begrijpen. 
Deze inzichten kunnen bijdragen aan het voorspellen van het risico op ritmestoornissen 
of het effect van bepaalde medicijnen. Ook kunnen deze inzichten bijdragen aan de 
ontwikkeling van nieuwe therapieën. In dit proefschrift tonen we aan dat Tbx3 een 
fundamentele rol speelt in de ontwikkeling van het geleidingssysteem. Door de rol van 
Tbx3 te ontrafelen hebben we een bescheiden, maar significante bijdrage geleverd aan 
kennis en begrip van het ‘impulse control system’. 
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Waar anderen dromen van een toekomst als brandweerman of piloot, herinner ik me 
nog goed dat ik als jongetje van 10 uitvinder wilde worden. Wat dat betekende, geen idee. 
Iemand als Willie Wortel sprak blijkbaar tot de verbeelding. Al gauw werd deze ‘als ik 
later groot ben’ omgezet in het meer doorsnee ‘dokter’ en wel een kinderarts. Ook deze 
beroepskeuze verdween weer in de vergetelheid. Grappig dat een combinatie van de twee 
uiteindelijk het resultaat is geworden. 

Mijn eerste stappen in de wetenschap deed ik vervolgens met biologie op de 
middelbare school. Eerst bodemmonsters vergelijken van de ‘holle weg’ in Schin op Geul 
met bodemmonsters van het Vondelpark. Vochtigheid en kalkhoudendheid waren de 
grote verschillen. Een jaar later deed ik ook voor biologie onderzoek naar alcohol en 
reactiesnelheid. We maten de reactietijd met het opklimmen van de units alcohol. Ik 
kwam uiteindelijk tot de verrassende conclusie dat de reactietijd met het stijgen van het 
alcoholpromillage niet geleidelijk toenam. Er was zelfs een trend van lichte verbetering 
van de reactietijd te bespeuren…. De verklaring voor het feit dat we toch meer brokken 
maken met drank op achter het stuur zit hem erin dat de reactietijd opeens vele malen 
langer is door een moment van onoplettendheid. 

De keuze voor de studie geneeskunde was een duidelijke, de wetenschap kwam pas 
weer echt voor het voetlicht in het vierde jaar van de studie. Voor een wetenschappelijke 
stage reisden Job Calis en ik, niet gehinderd door enige reële verwachting af naar een 
klein dorpje aan de voet van de hoogste berg van Malawi. We zochten bij tuberculose 
patiënten naar factoren die de uitkomst van therapie zouden voorspellen.  

Na dit fantastische avontuur deed ik coschappen in en rond Amsterdam. Tijdens de 
coschappen gaf ik op de snijzalen anatomie onderwijs onder de bezielende leiding van 
Ciska Griffioen, Roelof-Jan Oostra, Kees de Jong en Frits de Jong. Het waren leerzame 
uurtjes op de snijzalen tussen de stoffelijke overschotten, de prille fascinatie voor de 
anatomie op de gezichten van de eerstejaars vond ik prachtig om te zien. Er ontstond 
een hechte band met de andere student-assistenten door noeste arbeid en uren vertier 
in de AMC-kroeg, de Epstein-bar.  Ik leerde er ook de schoonheid in te zien van de 
embryologie en ik leerde er de rest van de afdeling anatomie en embryologie kennen, 
waar fraai onderzoek werd gedaan naar de ontwikkeling van het hart.  Toen het dan ook 
weer stroever ging met de passen op het pad van de kindergeneeskunde was ik snel weer 
‘thuis’ bij de anatomie, waar Antoon Moorman en Vincent Christoffels mij onder hun 
vleugels namen en mij wegwijs maakten in de ‘wetenschap voor grote mensen’. Ik werd 
promovendus. 

Ondanks dat ik geprobeerd heb ook hier zo lang mogelijk over te doen hebben velen 
hier een stokje voor gestoken en eraan bijgedragen dat ik hier nu sta als aankomend 
doctor. Zonder hulp van zovelen was dit boek nooit tot stand gekomen. Oprechte 
dankbaarheid aan iedereen die direct of indirect aan dit boek heeft bijgedragen. 
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In de eerste plaats wil ik graag mijn dagelijkse begeleider en promotor, Vincent Christoffels, 
bedanken. Je bent een groot voorbeeld voor me vanwege je kritische geest en je vermogen 
tot heldere analyses. Ik heb daar heel erg veel van geleerd. Zonder jouw bijsturing op de 
achter- en voorgrond was dit boek niet tot stand gekomen. Paradoxaal genoeg zijn we 
ook een tikje ongeorganiseerd. Ik noem mijn leven wel eens een ’georganiseerde chaos’ 
en dat is op jou denk ik ook zeker van toepassing: In de gigantische bergen papers die 
door je hele kamer liggen, weet je altijd precies een bepaalde paper te vinden! Ik waardeer 
je oprechte en directe commentaren, waarvan een mooi voorbeeld is dat je een recente 
paragraaf die ik schreef ‘grammaticaal een klein mijnenveld’ noemde.    

Antoon, ook promotor, jouw niet aflatende enthousiasme voor de ontwikkeling van 
hart werkt ongelofelijk aanstekelijk. Dat alles vergezeld van een bulderende lach en je 
bereidheid om elk uur van de dag uitgebreid de tijd te nemen om welk onderwerp dan ook 
eens rustig te bespreken. Jouw deur was altijd open, dat heb ik zeer gewaardeerd. Ook de 
werksfeer op het lab is voor jou heel belangrijk en jij zag daar dan ook op toe. Koken voor 
50 man op de boerderij tijdens het jaarlijkse volleybaltoernooi vind ik indrukwekkend. 
Met zijn allen op de pooltafel in de Epstein-bar op donderdagmiddag om de publicatie 
van de Hoogaars-paper in 2007 te vieren was een memorabel sociaal hoogtepunt. 

Geachte leden van de commissie, ik vind het een waar genoegen dat jullie in mijn 
commissie zitting hebben willen nemen en ben jullie daarvoor zeer dankbaar. Professor 
Oostra, waarde amice, als anatomisch begeleider op de snijzalen was je een inspirerende, 
wandelende encyclopedie. Mooi waren onze discussies over de vergelijkende anatomie. 
Ons was opgevallen dat de achterpoten van de meeste viervoetigen ‘andersom’ lijken 
te zitten ten opzichte van de mens, maar die van een olifant dan weer niet. Welke 
botten waren daarvoor verantwoordelijk en wat moeten we dan de knie noemen? Even 
aanstekelijk was jouw voorliefde voor de Epstein-bar waar jij de trotse oprichter van bent: 
‘Kom, we gaan nog even naar de Ep’. 

Professor Bos, best Bert, als mijn opleider kindergeneeskunde heb ik je no-nonsense 
en eerlijke aanpak altijd gewaardeerd. Dank voor je steun en vertrouwen in de afgelopen 
jaren. Professor Blom, u bent nog altijd nauw betrokken bij het onderzoek naar de 
ontwikkeling van het geleidingssysteem en daarnaast werkzaam als kindercardioloog. 
Een bewonderenswaardige combinatie die voor mij als groot voorbeeld dient voor het 
traject dat ik de komende jaren voor mijzelf hoop uit te stippelen. Professor de Bakker, 
beste Jacques, dank voor de privé masterclassjes in de eerste jaren om de wondere wereld 
van de connexines te bespreken. All the way from the United States, prof. Efimov and dr. 
Moskowitz, thank you for coming. It is an honour to have you in this committee. 

Veel dank gaat uit naar hen die mij op weg hielpen bij de eerste stappen op het lab. 
De eerste stapjes deed ik aan de hand van Danielle Cloud en Willem Hoogaars. Jullie 
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leerden geduldig al die eenvoudige basistechnieken aan weer zo’n arts op het lab, zucht :) 
Alles was nieuw: pipetteren, puntjes vullen, autoclaveren, gelletje runnen, oplossingen 
maken, noem maar op. Jullie leerden het mij geduldig, waarvoor ik jullie veel dank ben 
verschuldigd. Willem, ondanks dat ze in het ARIA nog steeds zouden zuchten als ze 
je naam zouden horen, heb je aan mij in ieder geval heel helder over weten te brengen 
hoe je een muizenlijn moeten beheren en onderhouden. Ik heb slechts 1 lijn laten 
uitsterven, sorry BacTbx3EGFP lijnB….. De keuze tussen lijn B en lijn F was daarmee 
in ieder geval wel gemakkelijk gemaakt! Vele leermeesters volgden in de vorm van vele 
collega’s op het lab aanwezig, maar in het bijzonder wil ik Vincent Wakker en Corrie 
de Gier bedanken voor de geduldige uurtjes uitleg en praktische training. Vincent, de 
absolute koning van het DNA werk en Corrie dan de koningin van de weefselkleuringen! 
Corrie, zonder jou waren de prachtige immuno’s en in-situ’s er niet geweest. Vincent, 
jij bent toch wel de enige echte vader van de prachtige Venus. Thomas, jij maakte me 
wegwijs in het doolhof van FACSen, amplificeren en opwerken voor microarray, dank. 
Jan Bourier en Shirley van Amersfoorth, dankzij jullie tips, aanwijzingen, vloeistoffen 
en enzymen is het me gelukt om die lastige celletjes levend uit de muizensinusknoop te 
isoleren. Aho, Leander, Kees-Jan, Carol-An en Phil, jullie waren altijd zeer behulpzaam 
vraagbaken. Ik heb dat zeer gewaardeerd.

Ik dank hen die op enigerlei wijze iets bijgedragen hebben aan dit boek. Ieder met zijn 
eigen specialiteit. Bas, jij was betrokken bij al mijn projecten. Wilden we meten wat voor 
elektrofysiologisch effect onze ‘daden’ hadden op het hart, dan ging jij snel en efficiënt 
aan de slag. Mooi dat we nu dan ook gelijk oplopen met de promotie. Als er nog wat 
kleiner gemeten moest worden dan leverde ik mijn celletjes af bij Arie. Fascinerend hoe 
je elke keer weer in staat was losse cellen op te sporen en te patchen, stromen te meten, 
afleverde met een figuur en het vervolgens ook nog geduldig aan me uit wilde leggen. 
Malou, dank voor de vele uurtjes qPCR die jij in dit boek gestoken hebt, begonnen als 
student, later als professional. Om het pipeteren te leren, liet ik je de eerste dag oefenen 
met waterdruppels. Die woede in je ogen omdat het niet lukte zal ik nooit vergeten. Ook 
Geert Boink, Floor Hageman, Quin Gunst, Saskia vd Velde, Janynke Brons, Hanno Tan, 
Diane Bakker, Denise den Haan, Jurgen Seppen, Berend Hooibrink, Henk Buermans 
en Peter-Bram ’t Hoen wil ik heel hartelijk bedanken voor de proeven die jullie gedaan 
hebben voor dit boek. Tilly, dank voor je hulp bij de double outlet right ventricle 
reconstructie. Die plaat prijkt toch maar mooi op de voorkant van Circulation Research. 
Jan Ruijter, veel dank voor je hulp bij de statistische analyse van de experimenten en je 
heldere uitleg van de mooie wereld van de qPCR. Op het gebied van beeldverwerking ben 
ik zeer veel dank verschuldigd aan Alexandre, Bouke en Jaco. Dank allemaal. 

Vervolgens wil ik graag alle 140 collega’s van de labs anatomie, fysiologie en experimentele 
cardiologie bedanken voor prettige samenwerking, kritische vragen bij werkbesprekingen 
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of een praatje bij de koffieautomaat. Dat geldt ook voor hen die hier niet meer werken of 
voor alle studenten die in de loop van de jaren voorbij kwamen. Enkelen wil ik graag even 
bij naam noemen. Dat het niet alleen maar om de wetenschap gaat, maar dat het ook 
belangrijk is dat je het leuk hebt en dat het gezellig is, onderkenden mijn kamergenoten 
als geen ander! Niet voor niets werd onze werkkamer ‘de leukste kamer van de afdeling’ 
genoemd. Tamara, Esther, Joost, Roos, Irina, dank voor jullie opbeurende aanwezigheid, 
een luisterend oor bij frustraties, maar vooral voor die eindeloze stroom van onbenullige 
weetjes en roddels. Joost en Roos, hoe waren we ook alweer verzeild geraakt in de 
Reguliersdwars op een donderdagnacht en wie moest er nou op wie passen? Judith, wij 
deelden ook al een kamer voor deze kamer. De laatste jaren heb ik veel te weinig een 
hartstochtelijke vervloeking ‘mannen!’ gehoord.

Shoeshine, Brendon, my brother from another mother, I could write another book 
about your adventures, athough you are much better in telling the stories! New Orleans 
was absolutely the best place to collect stories: convincing a woman to show her tits on 
the street, near romance with a huge black guy, convincing a homeless not to swim in our 
swimmingpool in the midle of the night and of course the ‘shoeshiners’ in the morning. 
Nu het toch over congressen gaat moeten Boinky, Roos, Tamara, Lynda en Annemieke 
hier ook even expliciet genoemd worden voor hun buitengewone bijdragen aan het 
welslagen van deze zware trips. Geert, Mustang Classics forever! Phil, bedankt voor alle 
onvergetelijke momenten die jij op de dansvloer wist te creëren als luid meezingende dj! 
Gert, je gortjedroge humor was vaak een heerlijke afleiding. Ik hoop dat we elkaar nog 
veel binnen de kindergeneeskunde gaan tegenkomen. Maurice, dank voor je schaterlach 
en het tiptop regelen van de randzaken. Inge, een ippon heb je nog niet gescoord tegen 
me, maar diep respect voor je ferme pakking.  

Kees-Jan jij leerde mij de regels van het ‘sterfkamertje’: hier wordt 1 paper per week 
geproduceerd. Al snel was daar Wim, die inderdaad grote passen zetten en gedecideerd 
rondde je je promotie af. Respect daarvoor. En nu zit ik er samen met Marc, geen woord 
van dank voor jou, je kan gewoon je kratje bier ophalen bij de ballenbak. Jetty, dank voor 
al je hulp bij organiseren van alle promotiezaken. Heerlijk hoe we samen zo gestressed 
op die betreffende vrijdag bezig waren. Bram, urenlang neurieden of floten we zachtjes 
‘toppertje’ op diverse manieren, terwijl we achter de microscoop foto’s van onze coupes 
zaten te maken. Heerlijk tijdverdrijf. Henk, nooit te beroerd om een hele slechte mop te 
vertellen, manusje van alles, het absolute zonnetje in huis. Ik zal je vrolijke noten missen. 

Veel dank gaat ook uit naar mijn paranimfen. Job Calis, vanaf het eerste rondje 
namenspelletjes tijdens de introductieweek van geneeskunde waren we dikke vrienden. 
Samen werken, leven, reizen en wetenschappen bleken we ook goed te kunnen tijdens 
onze 8 maanden in the warm heart of Africa, Malawi. Weet nog goed de verbazing op 
het gezicht van onze Nederlandse begeleider dat we in donker Afrika een eigen variant 
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op de Kaplan-Meier survival curve hadden bedacht om de tuberculose overlevers weer te 
geven. Geweldig dat je mijn paranimf wil zijn.

Faust, ik weet nog goed dat we op het terras van een bruine kroeg in Dar es Salaam 
(2003) de voors en tegens van promoveren zaten te bediscussiëren. We zijn eerst nog 
even arts-assistent geweest daarna, maar vervolgens hebben we beide weloverwogen voor 
een promotietraject gekozen. Ik ben heel blij dat het zo gegaan is en die zwoele avond 
aan de Indische Oceaan zou daar best wel eens aan belangrijke bijdrage aan geleverd 
kunnen hebben. Wat fijn dat je op tijd bent teruggekomen uit Canada om me tijdens de 
ceremonie bij te staan. 

Joppe, net als bovenstaande heren vrienden van het eerste uur. Ook al deed jij 
onderzoek op een heel ander gebied (Lyme), met jou discussieerde ik zo vele uren over 
onze resultaten en konden we zelfs samen nieuwe proeven bedenken voor de ander. 
Waardevolle momenten waren dat. Grappig detail is dat je nog samen met Bas Boukens 
naar geleidingsvertraging bij Lyme gekeken hebt. Je was zeker net zo geschikt als 
bovenstaande heren om de rol van paranimf te vervullen!

Ik dank mijn kindergeneeskunde collega’s van het AMC en van het Spaarne Ziekenhuis 
die mij geduldig hebben gesteund bij mijn herintrede in de kliniek na een afwezigheid 
van 5 jaar. Begrip en tijd kreeg ik van collega’s en supervisoren om de weggezakte 
kennis weer uit het moeras omhoog te halen. Ik werd opnieuw ingewerkt door Tessa 
op de kinderafdeling. Het voelde als thuiskomen, waarvoor veel dank. Veel dank ben 
ik verschuldigd aan Diederik, Bert en Letty voor de wijze waarop jullie me de ruimte 
hebben gegeven om goed en grondig te revalideren van mijn kruisbandoperatie. 
Tenslotte excuses aan eenieder die zich het laatste jaar gedupeerd heeft gevoeld omdat 
de combinatie van promotie afronden en opleiding tot medisch specialist geen ideale is. 

Buiten de vakgebieden van embryologie en kindergeneeskunde is er ook nog een 
bijzondere groep mensen om te bedanken en dat zijn vrienden en familie. Ik ben trots 
op het bonte gezelschap van toppers dat ik om me heen verzameld. Altijd in voor 
relativerende opmerkingen, oprechte interesse of slap ouwehoeren. Zo belangrijk is het 
om regelmatig even je gedachten op iets compleet anders te richten en daar zorgden jullie 
voor. Of dat nou een avondje uit was, wintersport of een van de prachtige weekendjes 
weg of gewoon een gezamenlijk diner: jullie maakten er wat moois van. 

De paranimfen heb ik al genoemd. In dat rijtje van geneeskunde vrienden horen Kjell, 
Tom, Lisette, Haike en Anouk zeker thuis. Gijs, ex-huisgenoot en waarde vriend van de 
middelbare school. Heel lang hebben we het volgehouden wekelijks te eten in de geest 
van mevrouw Bertolle. De frequentie neemt langzaam af, dat neemt niet weg dat ik het 
iedere keer verschrikkelijk waardeer om lekker ongecompliceerd te eten met jou, Connie, 
Audrey en de kinderen. 
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Heerlijk vind ik het ook om opgenomen te zijn in de clan die ik maar even de 
PussyCrew noem. Het doet jullie eigenlijk tekort om jullie over 1 kam te scheren, omdat 
jullie allemaal zulke mooie individuen zijn, maar het is een mooie geuzennaam. Eentje 
ervan moet ik wel bij naam noemen en dat is Martijn Bon. Hij heeft de prachtige kaft van 
dit boek ontworpen. An artist impression van het werk dat ik de afgelopen jaren gedaan 
heb.  Lisanne, veel dank voor je hulp bij het werven van sponsors. 

Eus, alle nare bijnamen die je in de loop der tijd naar je hoofd geslingerd hebt gekregen, 
ze werden allemaal met veel liefde uitgesproken, je bent een hondstrouwe topgozer! Toob, 
totdat je voor Lowlands koos, gold dat laatste ook voor jou :)

Japie Krekel en Elske, ‘ex-collega’s’, ik heb nog nooit gehoord of meegemaakt dat 
mensen het moment benoemen dat ze officieel vrienden zijn. Ik vond dat met jullie een 
geweldig moment toen we besloten elkaar niet meer collega’s, maar vrienden te noemen. 
Dappere strijders van mijn zaalvoetbalteam Fuwangtian, waarom is de derde helft toch 
altijd veruit onze beste? 

Via twee heren die eigenlijk zowel vriend als familie zijn, kom ik bij mijn familie 
terecht. Broertje Pieter en ome T, zo ontspannen en zo grappig is het om samen met 
jullie te zijn, te reizen of te sporten. Minder dan een woord is genoeg als je dezelfde 
levensvreugde, visie, interesses en genen hebt. Sommige mensen begrijpen niet wat er 
leuk is aan elkaar afzeiken, jullie zijn er een meester in, maar kunnen het ook heerlijk 
ondergaan. Mijn lieve zusje Serumi, ik hoop dat we nog lang hier in Nederland van jou en 
je fijne Spaanse gezinnetje mogen genieten. Hans en Marianne, mijn lieve ouders, nature 
and nurture…….. Van jullie kreeg ik beide. Wat een voorrecht om in zo’n warm nest op te 
groeien. Vol liefde, vrijheid en sturing, waarbij de passie voor gezelligheid, geneeskunst, 
koken en Afrika er met de paplepel is ingegoten. Ik hoop nog veel en lang van jullie te 
mogen genieten, niet te vaak naar Afrika gaan!

Veel dank voor ‘opa en oma Beek’ en Marike die met veel hand- en spandiensten 
en liefdevolle zorg voor Ziva eraan hebben bijgedragen dat ons drukke leven goed te 
overzien bleef.  

Tenslotte een klein woord van grote dank voor mijn twee allerliefste dames, Audrey en 
Ziva. Ziva, het is ongelofelijk geweldig om zo’n klein meisje op te zien groeien. Het is 
fantastisch om je bij ons te hebben, met je te kletsen en te knuffelen. Audrey, jou ben ik 
verschrikkelijk dankbaar dat je er bent………….., want als jij er bent, dan is het goed!
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