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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 

proefschrift.indb   152 8-11-2012   13:33:36



The atrioventricular node: origin, development and genetic program

153

Chapter

6
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. 
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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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