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Developmental Aspects of the Electrophysiology
of the Heart: Function Follows Form
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Abstract

The cardiovascular system is the first organ system to form and function in the developing
embryo. In a typical lifetime the heart performs roughly 2,000 million contraction-relaxation
cycles (2.3 x10°), to supply the whole body and all of its organs with oxygen and nutrients. To
this end, an intricate and complex organ developed, encompassing multiple chambers contain-
ing electrical and force producing components, with nodes to activate the chambers and valves
to prevent regurgitation. The cardiomyocytes of a primitive heart can be considered as a nodal
cell because they display automaticity and are poorly coupled, which, together with slow propa-
gation, gives rise to peristaltic contraction. The introduction of dominant pacemaker activity at
the intake of the heart perfected such a heart into a one-way pump. Subsequently, highly local-
ized, fast-conducting cardiac chambers were added to this nodal tube, resulting in the four-
chambered hearts. Concomitant with the formation of such chambers, an adult type of
electrocardiogram (ECG) can already be monitored in the embryo. Thus, cardiac design, i.e. the
positioning of the atrial and ventricular chambers within the nodal tube, principally explains the
coordinated activation of the heart reflected in the ECG. A crucial question is why some areas of
the embryonic heart tube do not participate in the formation of atrial or ventricular working
myocardium and mature in a nodal direction. As a generalized hypothesis we propose that the
chamber-specific program of gene expression is specifically repressed by T-box factors and by
other transcriptional repressors. Consequently, aberrant expression of these factors might be at
the basis of ectopic automaticity, malformations of the conduction system and congenital heart
disease in general.
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Fiure 3-1.  Concomitant with the formation of chambers (atria, ven-
tricles), an adult type of electrocardiogram (ECG) can already be moni-
tored in the embryo [2]. Scanning electron microscopic photographs of
the developing chicken heart with matching electrocardiograms. At
H/H 18, locally fast-conducting chamber myocardium has differentiated
as reflected in the electrocardiogram. A atrium, avc atrioventricular

and all of its organs with oxygen and nutrients.
To this end, an intricate and complex organ
developed, encompassing multiple chambers
containing electrical and force producing com-
ponents, with nodes to activate the chambers
and valves to prevent regurgitation. In contrast,
in early vertebrate embryos and primitive chor-
dates, the heart merely constitutes a myocardial
mantle enfolding a ventral aorta, in which the
blood is propelled by peristaltic contractions.
Like the nodal cells in the formed heart, the car-
diomyocytes of such a primitive heart display
high automaticity and are poorly coupled. This
results in slow propagation of the depolarizing
impulse and a matching peristaltic contrac-
tion. Due to the development of polarity along
the heart tube, a dominant pacemaker activ-
ity develops at the intake of the heart, leading
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canal, oft outflow tract, / ventricle. Note that the ECGs are displayed
mirrored to match with the position of the chambers in the embryonic
heart. The apparent T-wave has not been labeled since it reflects the
depolarization of the muscularized outflow tract at this stage rather
than the repolarization of the ventricle

to the evolution of a one-way pump. Although
dominant pacemaker activity implies develop-
ment of sinus node function, only in mammals
a morphologically distinct node actually devel-
ops [1]. The addition of highly localized, fast
conducting cardiac chambers to the straight
heart tube is an evolutionary novel event, and
resulted in the four-chambered hearts of birds
and mammals with a synchronous contraction
and a dual circulation. Already with the onset
of the formation of chambers, an adult type of
electrocardiogram (ECG) can be monitored in
the embryo (Fig. 3.1) [2]. Thus, cardiac design,
i.e. the positioning of the atrial and ventricular
chambers within the straight heart tube, rather
than the invention of nodes, principally explains
the coordinated activation of the heart reflected
in the ECG. An important question to address is



3. Developmental Aspects of the Electrophysiology of the Heart: Function Follows Form 27

why some areas of the embryonic heart tube do
not participate in the formation of the atrial or
ventricular working myocardium and mature in
anodal direction. In short, the chamber-specific
program of gene expression is repressed by
T-box factors and by other transcriptional
repressors [3, 4]. Consequently, aberrant expres-
sion of these factors might be at the basis of
ectopic automaticity and congenital malforma-
tions of the cardiac conduction system in the
formed human heart.

Early Peristaltic Hearts

A typical circulatory system is made of pumps
and transporting vessels. Nature uses two differ-
ent schemes to make muscle-pumping devices.
In one version, also utilized by the intestine,
peristalsis is the driving force. In contrast, in
adult vertebrates an alternative version involv-
ing chambers and valves is used (see next
section). In the peristaltic version, a wave of
contractions runs along the muscle mantel
enfolding the main blood vessel, and this action
pushes the encompassed fluid ahead in either
direction. Such a system is not particularly
efficient, but it allows the steady movement of
fluids and slurries. During evolution, polarity
evolved in the primitive peristaltic chordate
hearts and this resulted in dominant pacemaker
activity at one end of the cardiac tube, trans-
forming such a heart into a one-way pump. All
regions of peristaltic hearts possess poorly cou-
pled cells and intrinsic automaticity, by which
depolarizing impulses propagate slowly along
the tube, resulting in matching peristaltic waves
of contraction [5-9]. The advantage is that
hearts using these slow contractions do not
require well-developed contractile structures
like those present in the chamber myocardium
of higher vertebrates.

Development of Chambered Hearts

It is important to appreciate that the basic
characteristics of muscle cells comprising a
peristaltic heart are similar to those comprising
the nodes of a chambered heart [4], as this

facilitates the understanding that the design of
chambered hearts is derived from the peristaltic
heart. Though they share design characteristics,
the chambered heart and its associated func-
tional requirements are obviously far more
complex than a peristaltic heart. Chambered
hearts are the more powerful hearts that can
cope with the increasing demands imposed by a
growing microcirculatory resistance due to the
evolutionary development of liver and kidneys.
To achieve this, the atria became the drainage
pool of the body to allow efficient filling of the
ventricles, while the ventricles themselves
became the power pumps. Like peristaltic hearts,
chambered hearts are directional because dom-
inant pace making activity remains localized at
the intake of the heart. A logical further addi-
tion to these chambered hearts was the develop-
ment of one-way valves at both the inflow and
the outflow of a chamber. This permitted that,
with relaxation, a chamber could be prevented
from refilling from the downstream compart-
ment, and prevented, with contraction, backflow
into the preceding compartment. Remarkably,
the areas in which these valves evolve display
many nodal characteristics, and are the same
areas that in the vertebrate embryonic heart will
not, or will only later develop into chamber
myocardium [10]. Thus, cardiac valves are
always found in regions of nodal-like myocar-
dium. This holds true for the sinuatrial region,
atrioventricular junctional region and also for
the myocardial outflow region of the embryonic
heart. Interestingly, the outflow tract myocar-
dium in human can extend as far downstream
as the semi-lunar valves. Spontaneous activity
and even tachycardias originating from this area
have been reported [11] underscoring the notion
that this myocardium is persisting embryonic
nodal-like tissue.

Development of the Cardiac Chambers
and Conduction System

The four-chambered heart of mammals devel-
ops from a single tube, which initially contains
the precursors for the left ventricle only, or even
less. With development, the precursors for the
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Ficure 3-2.  Schematic overview of heart development in higher ver-
tebrates. Chamber myocardium (blue) expands from the outer curva-
tures of the primary heart tube, whereas non-chamber myocardium
(grey) of the inflow tract (ift), sinus horns (sh), atrioventricular canal

remainder of the heart are added at the arterial
and venous poles (Fig. 3.2) [12, 13]. The heart
tube continues to elongate as a result of the
recruitment of myocytes and bends ventrally
and rightwards in a process called looping,
which occurs around mouse embryonic day
8.5-9 (E8.5-9), comparable to 23 days in human
development [14-16]. At this time, the heart
tube has started to form a distinct ventricular
chamber at its original ventral side, while the
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E9.5-10.5

Adult

(avc), outflow tract (oft), and inner curvatures does not expand. Sinus
horn myocardium gives rise to the sinoatrial node (san), atrioventricular
canal myocardium to the atrioventricular node (avn) and atrioventricu-
lar junction. First three panels show a left-lateral view of the heart

future atrial appendages differentiate slightly
later at the dorsal and caudal end [17-19].

The myocardium of the original heart tube
and the myocardium subsequently added to its
poles, displays slow conduction and contraction,
along with the property to spontaneously depo-
larize (automaticity), which is mainly Cx45
dependent [20], resulting in peristaltic-like,
rhythmic contractions. Dominant pacemaker
activity is always located in the newly formed
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myocardium at the venous pole [21, 22]. This
generates a unidirectional blood flow from the
venous to the arterial pole. While the ventricular
and atrial chamber myocardium differentiates
and rapidly proliferates at specific sites within
the heart tube, the remainder of the myocardium
maintains the primary phenotype. Once cham-
bers have developed, this primary myocardium
can be recognized as the sinus venosus, the atrio-
ventricular canal (AVC) and the outflow tract
(OFT). The sinus node develops from a small
component of the sinus venosus [22,23] and the
AVN and AV junction myocardium develop from
the AVC [24, 25]. Both nodal components still
display phenotypic features of the primary myo-
cardium they develop from, such as automaticity,
slow conduction and poorly developed sarcom-
eres and sarcoplasmatic reticuli [26]. The main-
tenance of the primary phenotype of the
myocardium is fundamental and regulated by
the transcriptional repressor genes Tbx2 and
Tbx3 [3, 27], which are selectively expressed in
the primary myocardium and developing and
mature conduction system [16]. A deficiency of
Tbx3 in the myocardium results in expansion of
the expression of working myocardial gens Cx40,
Cx43, Nppa and Scn5a into the sinus node
domain. In contrast, forced expression of Tbx3
leads to development of ectopic functional pace-
maker tissue [27]. Both Tbx2 and Tbx3 are
required to pattern and form the AVC in a redun-
dant fashion [28]. Thus, Tbx2 and Tbx3 inhibit
differentiation into working myocardium, which
allows for the development of components of the
cardiac conduction system. In conclusion, the
primary myocardium lies at the basis of the
pacemaker tissues of the cardiac conduction
system.

In contrast, formation of the chambers is
marked by the differentiation of localized regions
of primary myocardium of the embryonic heart
tube into the fast-conducting working myocar-
dium of the chambers. A hallmark feature of this
working myocardium is the expression of a
chamber-specific gene program [4]. This includes
genes for rapid propagation of the action poten-
tial such as Cx40 and Cx43 and the secreted fac-
tor Nppa (Natriuretic precursor peptide type A,
also known as Anf). Moreover, working myocar-
dium expresses the a-subunit of the sodium

channel Nav1.5, encoded by SCN5a and develops
a functional sarcoplasmatic reticulum [29]. At
the cellular level, a local increase in cell size fol-
lowed by local re-initiation of proliferation
marks this area [30]. At the morphological level,
initiation of chamber formation is marked by
the appearance of trabecules, sponge-like myo-
cardial structures developing at the luminal side
of the outer curvatures of the developing heart,
particularly in the future ventricular chambers.
This series of events has been dubbed the bal-
looning model of chamber formation [4]. Both
the chamber-specific gene program and gene
expression in the maintained primary myocar-
dium are regulated amongst others by cardiac
transcription factors such as Nkx2-5, Gata4 and
a number of T-box transcription factors (Tbx),
such as Tbx5 and Tbx20 [15]. Disruption of any
of these crucial factors leads to misspecification
of working myocardium or primary myocar-
dium which, in turn, eventually can result in local
heterogeneities and arrhythmias.

T-box Transcription Factors Regulate
Compartmentalization of the Heart

An important question is why some areas of the
(embryonic) heart do not participate in the for-
mation of atrial and ventricular working myo-
cardium and mature in a nodal direction, such
as the sinus venosus and the atrioventricular
canal. To gain insight into this process we stud-
ied the regulation of the Nppa gene in more
detail. Nppa is never expressed in nodal tissues
from fish to human, and in the embryonic heart
it marks the developing atrial and ventricular
working myocardium [31]. While investigating
the mechanism behind the chamber-specific
expression of Nppa, we established that both a
single TBE site (DNA binding/recognition site
for T-box transcription factors) and adjacent
NKE site (Nkx2-5 binding element), are present
in the Nppa promoter and are required for
repression of Nppa in the atrioventricular canal
[3] and outflow tract [17]. T-box factors are
evolutionary highly conserved transcription
factors, which are important regulators of
(cardiac) development. Presently at least 17
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different T-box genes with diverse functions in
development and disease are known [32]. In a
search for the T-box factors that could act as a
repressor for the Nppa gene, we observed that
Tbx2 is expressed in inflow, atrioventricular
canal, inner curvature and outflow myocardium.
Moreover, expression of Thx2 and Tbx3, a tran-
scriptional repressor with a similar role, is
confined to primary (non-chamber) myocar-
dium, remarkably mutually exclusive to Nppa,
Cx40, Cx43, and other chamber-specific genes
[3, 33, 34]. These findings point to a model in
which chamber formation (e.g. atria, left and
right ventricle) and differentiation is driven by
broadly expressed factors, in addition to which a
supplementary layer of localized repressors
inhibits this process in regions where chambers
do not develop [35]. Tbx2 gain and loss of func-
tion experiments have demonstrated that Tbhx2
is indeed able and required to inhibit chamber
formation and expression of chamber marker
genes [3,36]. Tbx3 is expressed in a sub-domain
of the Thx2 domain, and whereas it is able to
block chamber formation when expressed
ectopically, its deficiency does not lead to obvi-
ous defects in atrioventricular canal patterning,
indicating functional redundancy with Tbx2.
But how do Thx2 and Tbx3 exert their func-
tions? Both factors act as repressors of transcrip-
tion and share DNA binding properties and
target genes [37-41]. They effectively compete
with Tbx5, a transcriptional activator, for TBE-
binding,and for Nkx2-5 on NKE binding, thereby
repressing chamber-specific genes and chamber
differentiation [3, 34, 35]. Interestingly, lineage
studies indicate that the sinus node develops
from Tbx18-expressing precursors at the junc-
tion between the right sinus horn and the right
atrium, whereas the atrioventricular node devel-
ops from the atrioventricular canal [23, 28]. The
sinus node precursors induce expression of
Tbx3, whereas the atrioventricular node precur-
sors express both Thx2 and Thx3. Tbx2 is absent
from the sinus node and sinus venosus and dur-
ing development, Tbx2becomes down-regulated.
Tbx3 expression is maintained specifically in the
nodes, thereby providing the only transcription
factor found to date to be expressed specifically
in the nodes (Fig. 3.3) [34, 36]. As mature nodes
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display many features that resemble primary
myocardium in the embryo, it is attractive to
hypothesize that their formation is the result of
repression by Tbx2 and Tbx3 maintaining the
primary phenotype.

Concluding, in a generalizing view one may
envision that Thx2, Tbx3 and/or other transcrip-
tional repressors suppress the chamber-specific
program of gene expression, allowing the regions
where these factors are expressed to further
mature into the nodal direction. Aberrant expres-
sion of such factors might thus be at the basis of
ectopic automaticity and congenital malforma-
tions of the cardiac conduction system in the
formed human heart.

Mutations in Transcription Factors
Can Cause Congenital Heart Defects
and Arrhythmias

As the above mentioned transcription factors
are essential for the proper development of the
cardiac (conduction) system, it is hardly sur-
prising that mutations in these key genes lead to
congenital heart defects. Mutations in Tbx5 in
humans lead to the Holt-Oram syndrome (HOS),
which is characterized by anterior pre-axial limb
and cardiac malformations [42] (see below).
Mutations in Thx3 cause ulnar-mammary syn-
drome characterized by defects in breast devel-
opment, apocrine gland, limb and genital
formation [43], one study reporting ventricular
septal defects and pulmonary stenosis [44].
Moreover, mutations in Tbx5 interacting part-
ners such as Nkx2-5 and Gata4, like Tbx5 itself,
are known to cause septum defects [45] and, in
the case of Nkx2-5, atrioventricular conduction
defects [46] (see below). Presently no diseases
are known to be caused by Tbx2 mutations.
A more common congenital disorder called
DiGeorge syndrome, is caused by a 1.5-3
megabase genomic deletions of the chromo-
some 22ql1 region which includes the TbxI
gene [47]. Patients with DiGeorge syndrome
are characterized by a variety of abnormali-
ties including absence/hypoplasia of the thy-
mus, cleft palate, facial dysmorphism and
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Internodal region

AVB (His)

AVB (His)

Ficure 3-3. Thx3 (red) expression visualized in the heart at ED10.5
(@). Thx3 marks the sinoatrial node, internodal region, AV junction, AV
node and the AV bundles with respect to the location of the atria, the

cardiovascular anomalies such as aortic arch
malformation, outflow tract defects and VSDs.
Recently it was postulated that a synergistic
interaction between TbhxI and Nkx2-5 might be
responsible for the varying heart malformations
of DiGeorge syndrome [48]. As, Thx1-deficient
mice phenocopy important aspects of DiGeorge
including outflow tract abnormalities [49], it is
believed that ThxI might modulate, in part, the
outflow tract defects seen in DiGeorge patients.

atrioventricular canal, the ventricles and the outflow tract (b) and with
respect to the adult heart

Nkx2-5, AV Conduction and Atrial
Fibrillation

One of the most intensely studied transcrip-
tion factors involved in cardiac development
is Nkx2-5. This homeobox transcription fac-
tor is expressed in the heart and other tissues
and is part of the core cardiac transcriptional
network essential for cardiac development.
Targeted disruption of Nkx2-5 in mice causes
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early embryonic lethality, with cardiac devel-
opment arrested at the linear heart tube stage,
prior to looping [50]. Cardiac expression of
Nkx2-5 continues throughout development and
into adult life. In humans dominant mutations
in NKX2-5 cause a variety of cardiac anoma-
lies as well as atrioventricular abnormalities.
Atrioventricular conduction abnormalities
and atrial septal defects (ASD) are, in fact, the
most common clinical presentations. However,
other abnormalities such as ventricular septal
defects, double-outlet right ventricle, tetralogy
of Fallot and tricuspid valve abnormalities have
also been noted [46, 51]. Cardiac dysfunction
and sudden death have also been reported in
mutation carriers. Atrioventricular conduction
disease can occur in the absence of associated
congenital heart defects [46, 51]. It is progres-
sive in nature and electrophysiological studies
have indicated that the conduction abnormal-
ity affects specifically the AVN. The fact that
conduction defects can occur in the absence of
cardiac structural malformations suggests that
NKX2-5 has a function in conduction system
development that is independent of its role in
cardiac morphogenesis, and the fact that con-
duction disease is progressive with increas-
ing age underscores the importance of normal
NKX2-5 function in maintenance of AV conduc-
tion in adult life. Recent findings that genetic
variation in the region of the NKX2.5 gene mod-
ulates the PR-interval in the general population
seem to support such a role. The association
signal detected at this locus however is located
at some distance from the NKX2-5 gene and
further research will be required to establish
an unequivocal link between the genetic varia-
tion underlying this signal, NKX2-5 expression
levels and the link to the PR-interval [52]. This
is further underlined by studies using trans-
genic mice that carry a loss of function allele
(DNA-non binding mutant) for NKX2-5. These
transgenic mice were born with structurally
normal hearts but displayed progressive atrio-
ventricular conduction defects and heart fail-
ure. PR-prolongation was observed at 2 weeks
of age, rapidly progressing into complete AV
block by 4 weeks of age. A dramatic decrease
in expression of gap junctional channels, Cx50
and 43, probably contributed to the conduc-
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tion phenotype [53]. Geno-phenotype correla-
tions on the various Nkx2-5 mutants in vitro
suggested that the principle determinant of the
two most common phenotypes (AV block, atrial
septal defect) was the total dose of Nkx2-5 capa-
ble of binding to DNA [54]. It turned out that
Nkx2-5 haploinsufficiency in the conduction
system results in a significantly reduced num-
ber of normal cells, and that the specific func-
tional defects observed in the knockout mice
could be attributed to hypoplastic development
of the conduction system. Thus, the postnatal
conduction defects arising from Nkx2-5 muta-
tions may results from a defect in the develop-
ment of the embryonic conduction system. This
conclusion was in line with experiments on
heterozygous Nkx2-5 knockout mice with eGFP
expression, knocked in the Cx40 locus, permit-
ting the visualization of the conduction system.
Indeed hypoplasia and disorganization of the
Purkinje fibers was observed in the heterozy-
gous Nkx2-5 mice and this was associated with
abnormal ventricular electrical activation [55].
Analysis showed that maximal Nkx2-5 levels are
required cell-autonomously and that a reduc-
tion in Nkx2-5 levels is associated with a delay
in cell cycle withdrawal from surrounding Cx40
negative myocytes. This suggests that the for-
mation of the peripheral conduction system
is time- and dose-dependent on the transcrip-
tion factor Nkx2-5, which is cell-autonomously
required for the postnatal differentiation of
Purkinje fibres. Experiments on Id2, a member
of the Id gene family of transcriptional repres-
sors, showing AVB-specific expression, proved
that a critical transcriptional network, including
Tbx5, Nkx2-5,and Id2, is required for the differ-
entiation of ventricular myocytes into special-
ized cells of the conduction system [56]. Taken
together, Nkx2-5 is required for development
and homeostasis of atrio-ventricular conduc-
tion system (AVCS) and Purkinje fibers. In the
case of the AVB some details of the molecular
mechanism have been elucidated (Id2, Tbx5).
It is noteworthy that Tbx3 also cooperates with
Nkx2-5 [27] providing a link between this factor
and Tbx3 in the AVB and AVN.

Some mutations in Nkx2-5 are not linked to
AV block, but to atrial fibrillation [57], an
arrhythmia long thought to have a possible
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origin in development [58]. In the majority of
cases of paroxysmal atrial fibrillation, the myo-
cardial sleeves surrounding the pulmonary veins
at the orifice to the left atrium carry the triggers
and possibly the substrate for the arrhythmia.
Cells with presumed pacemaker activity have
been found in the pulmonary veins of rat hearts
[59] and in the pulmonary veins of patients with
atrial fibrillation [60]. However, these observa-
tions are controversial, since lineage studies have
demonstrated that the pulmonary myocardium
is formed from a distinct lineage of precursor
cells, different from the lineage that forms the
muscle encompassing the sinus venosus (myo-
cardium around caval veins, including the sinus
node and around coronary sinus) [23,61-63]. In
contrast to the sinus muscle, pulmonary myocar-
dium expresses from the outset transcription
factor Nkx2-5 and its target gap-junction gene
Cx40, suggesting it has an atrial working pheno-
type from the outset. Intriguingly, when Nkx2-5
protein levels are lowered experimentally, the
pulmonary myocardium switches to a Cx40-
negative, Hcn4-positive phenotype, similar to
sinus nodal-like cells, resembling the sinus mus-
cle. Thus, a reduction in the expression level of a
single transcription factor, Nkx2-5, activates a
gene program potentially sufficient to provide
automaticity in the pulmonary myocardium.
This observation suggests that inter-individual
variation in Nkx2-5 dosage could be an impor-
tant contributing trigger to the development of
atrial fibrillation. Also, intriguingly,as mentioned
above, genetic variation in the region of NKX2.5
has been associated with the PR-interval in the
general population, which when prolonged, is in
turn associated with risk of AF [64]. Taken
together, variations in the (regulatory) sequence
of the Nkx2-5 gene (and/or its interacting part-
ners) are prime candidates for further research
into the AV conduction and atrial fibrillation.

Thx5, Atrial Fibrillation
and Left-Right Chamber Differences

Another crucial factor in cardiac development
is TBX5, which belongs to the evolutionarily
conserved T-box family of transcription factors

that bind DNA through a highly conserved DNA
binding domain called the T-box. The consen-
sus DNA sequences of the target genes where
T-box factors bind are called T-box binding ele-
ments (TBEs) [65]. Tbx5 expression displays a
posterior-anterior gradient along the heart tube
with the most intense expression at the inflow
tract of the heart. After chamber development
has been initiated, Tbx5 expression is found in
the sinus venosus, atria, AVC, left ventricle,
including the left aspect of the ventricular sep-
tum, and to a lesser extent in the right ventricu-
lar trabecules [31, 66]. In humans, TBX5
haploinsufficiency has been shown to cause
Holt-Oram syndrome (HOS), which includes
congenital heart defects, conduction system
abnormalities and upper limb deformities [42,
67]. Heterozygous Tbx5 knockout mice recapit-
ulate many of the phenotypic abnormalities
observed in Holt-Oram syndrome patients [68].
Expression of both Nppa and Cx40, targets of
Tbx5, was also reduced in these mice during
development. Complete deletion of Thx5 in mice
leads to embryonic death (around E9.5) with
failure of heart tube looping and an under-
developed caudal part [68]. Furthermore, Tbx5
overexpression in an embryonic cell line results
in significant upregulation of Nppa and Cx40,
and, counter intuitively, in cells displaying a
spontaneous beating phenotype [69, 70].
Moreover, as mentioned earlier, Tbx5 is required
for the differentiation of the AVB in the crest of
the ventricular septum [71].

Recent work further links TBX5 to arrhyth-
mogenic mechanisms and atrial fibrillation in
particular. Atrial fibrillation has occasionally
been described in sporadic patients with Holt-
Oram [72], though principally in the setting of
congenital heart disease and the resultant hemo-
dynamic effects (atrial enlargement). We
recently reported on a family in which affected
patients have mild skeletal deformations (a hall-
mark feature of HOS) and very few have con-
genital heart disease. However, the great majority
presented only with paroxysmal atrial fibrillation
at an unusually young age [73]. Sequencing
of TBX5 revealed a novel mutation, p.G125R,
co-segregating with the disease. The mutant
protein  displayed significantly enhanced
DNA-binding properties, which resulted in
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augmented expression of Nppa, Cx40, Kcnj2 and
Tbx3 genes in comparison to wild-type TBXS5,
i.e. functioned as a gain-of-function factor. This
is in contrast to all known Holt-Oram mutations
to date, which result in a loss-of-function phe-
notype. This TBX5 gain-of-function mechanism
probably underlies the paroxysmal atrial
fibrillation and mild HOS phenotype. The mech-
anism underlying atrial fibrillation in TBX5
gain-of-function mutants may involve direct
stimulation of TBX5 target genes involved in
familial atrial fibrillation (NPPA, KCNJ2, CX40).
Alternatively, it may involve TBX5-stimulated
TBX3, as it was recently shown that TBX3 is
highly sensitive to TBX5 dosage [74], and TBX3
controls the sinus node gene program and
induces pacemaker activity in atrial muscle [27].
There is thus evidence in support of a role of
TBX5 in the development of (paroxysmal) atrial
fibrillation, a proposition that was recently fur-
ther substantiated by the fact that genetic varia-
tion within the TBX5 gene was found to be
associated with AF [75].

The left and right ventricle have a different
morphology, tissue architecture, geometry, and
function, and myocytes of the right and left ven-
tricle differentiate to similar, but not identical
phenotypes [76]. Differences in the regulatory
and gene programs of progenitors of the left and
right ventricle probably underlie the differences
in these phenotypes. Tbx5 likely contributes to
this, as it is expressed in an antero-posterior
gradient in the heart tube regulated by retinoic
acid [77]. The left and right ventricles are
specified along the antero-posterior axis, and, as
a consequence, the developing left ventricle
robustly expresses Thx5, in contrast to the right
ventricle [66]. This suggests that Tbx5 is neces-
sary for left ventricular identity, and provides, in
part, the boundary between the left and right
ventricle [78]. Consequently, target genes of
Tbx5 are likely differentially regulated between
the left and right ventricles. In fact, target gene
Cx40, mimics the pattern of Tbx5 [68] and is dif-
ferentially expressed between the left and right
ventricle in the developing and adult heart.
Seeing that the right ventricle especially is prone
to the development of various arrhythmias, such
as those seen in Brugada Syndrome [79] and
Arrhythmogenic Right Ventricular Dysplasia
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(ARVD) [80], and given the fact that Tbx5 is
actively involved in segregating between the left
and right ventricle [78], it is tempting to specu-
late that target genes of Tbx5 might contribute
to or oppose arrhythmias. Recent work has
shown that numerous genes are influenced by
differences in Tbx5 dosage, including genes
expressed during heart development such as
transcription factors (Tbx3, Irx2), cell-cell sig-
nalling molecules, and ion channels (Cx40,
KCNA5) [74]. This, together with the link
between TBX5 and atrial fibrillation, warrants
further investigation into TBX5 and its down-
stream genes in relation to arrhythmias and ion
channel genes.

Thx2, Accessory Conduction Pathways
and Defective Patterning and Gene
Regulation Within the Atrioventricular
Canal Myocardium

Wolff-Parkinson-White (WPW) syndrome is
an arrhythmogenic defect characterized by a
normal conduction system and one or more
accessory AV connections, bypassing the AV
node and His bundle, which cause ventricular
preexcitation and predispose to re-entrant
supraventricular tachycardia [81]. These abnor-
mal accessory pathways may conduct faster than
the AV node and this leads to ventricular preex-
citation, evidenced by a short PR interval and a
slurred upstroke of the QRS complex on the
ECG. The majority of WPW occurs isolated and
sporadic, affecting 1-3 persons per 1,000 [81],
most patients with WPW syndrome have struc-
turally normal hearts, though in a small portion
of WPW patients, accessory pathways occur in
association with congenital heart defects, such
as Ebstein anomaly [82]. Nonetheless,autosomal
dominant WPW families have been described
[83, 84]. PRKAG2 and LAMP2 gene mutations
were found in familial left ventricular hypertro-
phy and preexcitation, while a PRKAG2 muta-
tion was detected in a single family with isolated
WPW [85, 86]. Patients with mutations in the
PRKAG2 gene have a variable combination of
glycogen storage cardiomyopathy, progressive
conduction system disease including sinus
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bradycardia and atrioventricular block, ventric-
ular preexcitation, arrhythmias, and sudden
death [85]. Ventricular preexcitation is presum-
ably caused by a disruption of the annulus
fibrosus, which electrically insulates the atrial
and ventricular muscle masses, distinct from
the muscular-appearing bypass tracts observed
in typical WPW syndrome [87]. However, in a
cardiomyocyte-specific overexpression model
of mutated PRKAG, accessory pathways only
developed when the mutated PRKAG was over-
expressed during development. When overex-
pression started in adulthood, glycogen storage
disease and conduction system degeneration
occurred but accessory pathways did not
develop, suggesting that a developmental defect
may underlie pre-excitation in PRKAG mutants
[88]. In addition, various NKX2-5 gene muta-
tions in patients with CHDs are also associated
with WPW, and point to a role of this critical
cardiac transcription factor gene in WPW
pathogenesis [51, 56].

A milder form of arrhythmias involving acces-
sory pathways is the atrioventricular reentrant
tachycardia (AVRT). This is the most common
type of supraventricular tachycardia in both the
fetus and the newborn [89]. Although AVRT can
be potentially life-threatening and are some-
times difficult to control with antiarrhythmic
drug therapy, in general these tachycardias
resolve spontaneously within the first months of
life, and >60 % of patients require no antiar-
rhythmic drug therapy and remain free of symp-
tomsafter theage of 1 year [90]. This self-resolving
character of most perinatal AVRTs suggests that
the majority of the accessory pathways eventu-
ally disappear after birth. Studies in animal mod-
els have shown that accessory AV myocardial
connections are present until the late stages of
cardiac development [91]. Moreover, a recent
study on human hearts from neonates without
episodes of supraventricular tachycardia found
that isolation of the AV junction is a gradual and
ongoing process [92]. The right lateral accessory
myocardial AV connections in particular are
commonly found at later stages of normal human
cardiac development. These transitory accessory
connections may therefore act as a substrate
for AV reentrant tachycardias in fetuses or
neonates.

The molecular mechanisms by which these
accessory bypasses are formed are, however,
poorly understood. The atrioventricular (AV)
node and AV bundle are the only muscular con-
nections that cross the annulus fibrosus. However,
during heart development, in the absence of an
annulus fibrosus, the AV canal myocardium still
maintains adequate AV delay, allowing for the
synchronized alternating contraction of the atria
and ventricles [93, 94]. Remnant strands of this
AV myocardium can however be observed in
normal hearts around and after birth (see above).
They disappear when the annulus fibrosus is
fully formed [92, 95]. These strands are likely to
maintain the slow conduction properties of the
AV myocardium. Moreover, slow-conducting AV
canal-type myocardium remains present around
the orifices of the mitral and tricuspid valve in
the adult heart [25, 96]. Together, this suggests
that AV canal myocardium plays a central role in
the AV delay and that defects in AV canal myo-
cardium could underlie formation of functional
accessory pathways. The AV canal myocardium
is specified early in cardiac development by the
expression of bone morphogenetic protein 2
(Bmp2) in the AV canal myocardium progenitors
in the early heart tube, where it stimulates the
expression of Tbx2 [97], a transcription factor
required for the development of the AV canal
[25].Indeed in a recent study by Aanhaanen et al.
[98], it was shown that myocardium-specific
inactivation of Tbx2 leads to the formation of
fast-conducting accessory pathways, malforma-
tion of the annulus fibrosus, and ventricular pre-
excitation in mice. The AV accessory pathways
ectopically express proteins required for fast
conduction (Cx40, Cx43, and sodium channel,
SCN5A). Several other genes and pathways have
been implicated in AV canal development such
as the Bmp and Notch pathways. Interestingly,
microdeletions of BMP2 and JAGGED]1, a Notch
ligand, have been associated with ventricular
preexcitation in human [99, 100]. Moreover, dele-
tion of the Alk3 receptor (activated by Bmp2) in
the AV canal myocardium also results in acces-
sory pathways and AV nodal defects in mice
[101]. The fact that Notch signalling is involved
in maturation of the AV canal-derived myocar-
dium was underscored by another recent paper
in which it was shown that activation of Notch
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signalling in the developing myocardium of mice
produces fully penetrant accessory pathways
and ventricular preexcitation [102]. Conversely,
inhibition of Notch signalling in the developing
myocardium resulted in a hypoplastic AV node,
with specific loss of slow-conducting cells
expressing Cx30.2 and a loss of physiologic AV
conduction delay. In conclusion, these results
indicate that defective patterning and gene regu-
lation within the AV canal myocardium, via dis-
ruption of the AV canal regulatory network, leads
to malformation of the annulus fibrosus, forma-
tion of accessory AV connections, and ventricu-
lar preexcitation.

Sarcoplasmic Reticulum and Heart
Development

Having discussed the building plan of vertebrate
hearts and their conduction system, it is relevant
to look at the developmental aspects of their
most prominent features, namely contraction
and electrical activity. Regular beating is already
observed in the very early period of heart devel-
opment from embryonic day E9 onwards [103],
as mentioned above. This implies that an intrac-
ellular system of contraction and cardiac auto-
maticity is already established. Interestingly, the
atrioventricular canal and the outflow tract are
characterized by slow conduction velocity [10],
alow level of gap junction and connexin expres-
sion [104] and low SR activity [29]. This sup-
ports the idea that these flanking segments can
function as one-way valves, because they fulfill
all the requirements needed for a long contrac-
tion duration resulting in a peristaltic contrac-
tion. However, the radical change from a
peristaltic slowly-contracting heart tube to one
with fast-contracting chambers necessitates
proper control on free intracellular calcium ions.
This, in turn, requires the regulated movement
of calcium ions across both the sarcolemmal
and sarcoplasmic membranes. Clearance of
intracellular calcium can be obtained by two
ways, either by extrusion of the calcium into the
extra cellular space by the Na*-Ca** exchanger
(NCX) or by the sarcoplasmic-endoplasmatic
Ca?*-ATPase (SERCA2) into the sarcoplasmic
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reticulum (SR). SERCA? itself is regulated by the
non phosphorylated form of another protein,
phospholamban [105].

The calcium handling system was the first
ionic system to be studied extensively during
heart development, however mostly in the late
fetal heart stage (embryonic day 16.5 and later)
[105]. At this stage most calcium required for
contraction is derived from the calcium influx
through the voltage dependent calcium channels
(L type and T type). Although a distinct SR is not
morphologically observed in fetal myocytes, cal-
cium influxes nevertheless are capable of trig-
gering calcium releases through the calcium
release channels (so-called ryanodine receptors,
RYRs) [29]. It is thought that, in contrast to the
mature situation, the calcium stores for the RYRs
in the fetal myocytes are very small organelles,
which arelocated far from the L and T type chan-
nels on the surface membrane. In this way, cal-
cium flowing through the calcium membrane
channels diffuses into the intracellular space,
where it stimulates the immature SR. The whole
chain of calcium induced calcium release is thus
slowed down, and produces the slow kinetics of
calcium signals in fetal myocytes.

In contrast, the expression pattern of the vari-
ous genes involved in the calcium handling has
been studied more thoroughly throughout
embryonic heart development. SERCA2 and PLB
can already be observed as early as the cardiac
crescent stage (embryonic day 7.5 in the mouse),
even before myocardial contraction has begun.
In the forming heart tube, however, there is
already polarity in expression, as SERCA2 is
more abundant in the posterior region, or venous
pole, of the heart and decreases towards the ante-
rior regions, or arterial pole, whereas PLB, in
contrast, shows a complementary distribution
[106]. At the stage of the primitive cardiac tube
(E8), several additional calcium-related genes
start to be expressed. Whereas PLB and SERCA2
are expressed in opposite gradients, RYR, NCX
and NaK-ATPase are distributed homogeneously
over the cardiac tube. They remain homoge-
neously distributed throughout further embry-
onic development of the heart [106]. It thus
seems that the control of calcium homeostasis is
determined solely by the SERCA/PLB system. At
the stage of cardiac looping (E8.5), when the first
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signs of left/right asymmetry and identity are
manifested in the embryo, the calcium related
genes maintain their previous patterns of expres-
sion. In the final stage (E16.5), termed fetal heart,
SERCAZ2 is more expressed in atrial myocardium
than in the ventricular myocardium, whereas
PLB is once again expressed in the opposite pat-
tern. Additionally, SERCA2 has low expression in
the AVC and OFT. Interestingly, SERCA2 and PLB
display a differential expression between the tra-
beculated and compact layers of the ventricular
myocardium. Contrarily, the expression of both
genes is very weak in different components of
the cardiac conduction system, atrioventricular
node, and the bundle of His, which is in line with
the nodal-like morphological origin of these
components, as discussed earlier. The expression
of the other components of the calcium metabo-
lism, RYR, NCX and NaK-ATPase is homoge-
nously in the different regions of the fetal heart.

Connexins and Heart Development

The propagation of cardiac impulses is mainly
determined by the capacity to rapidly carry
changes in the membrane potential of cardio-
myocytes. This propagation is mediated by gap
junctions, which are aggregates of hydrophobic
cell-cell channels that allow the intercellular
exchange of ions, metabolites and second mes-
sengers of up to 1 kDa in size [107]. The aqueous
pores are formed by serially linked hemi-chan-
nels (connexons) provided by apposing cell
membranes. One connexon hemi-channel is
composed of six transmembrane proteins called
connexins (Cx), which are encoded by 21 con-
nexin genes [108]. Although the main purpose
of gap junctions in the heart is the conduction
of the depolarizing impulse across the myocar-
dium, evidence exists that connexins also play a
role in cardiac morphogenesis, as homozygotic
Cx43-knockout mice die shortly after birth from
a pulmonary outflow tract stenosis due to car-
diac malformation [109]. Analogous, in humans,
visceral heterotaxia and hypoplastic left heart
syndrome have been found to be associated with
mutations of the Cx43 gene [110, 111].
Differences in the expression of the connex-
ins are consistent with a functional myocardium

(atria and ventricles) model in which the work-
ing myocardium has the capacity to transmit
the cardiac impulse more quickly than the adja-
cent myocardium of the inflow tract, atrioven-
tricular canal and outflow tract. This guarantees
synchronized contraction without the need for a
specialized system (as discussed earlier). The
expression of the main connexin, Cx43, is
detected for the first time in the embryonic heart
stage (E10.5). Cx40 has a similar pattern of
expression although more reduced [106]. Cx40
(from ED9.5) and Cx43 mRNA (from 10.5) are
detectable in atria and ventricles, but not in their
flanking myocardium (inflow tract, atrioven-
tricular canal and outflow tract) [112]. Even
though Cx40 and Cx43 mRNA eventually
become expressed in the inflow tract, they
remain undetectable in the sinus node, the atrio-
ventricular canal (including atrioventricular
node) and outflow tract [107]. Expression of
Cx40 is maximal in the fetal period and declines
towards birth. At the stage of the fetal heart
(E16.5), Cx43 is restricted to the ventricular
myocardium and it is barely detectable in the
atrial myocardium in rat, while the mouse
atrium expresses a lot of Cx43 [106, 107].
Analogous to SERCA2 and PLB, Cx43 expression
is low in the trabeculated layer and higher in the
compact layer [106]. In contrast, Cx40 expres-
sion complements Cx43 expression, as Cx40 is
expressed mainly in the atrial chambers and
shows a transitory differential expression
between the right and left ventricles under the
influence of Tbx5, as discussed earlier.

It is interesting to note that based on the
expression of Cx40 and Cx43 during develop-
ment, two populations of myocytes can be distin-
guished, viz. cardiomyocytes that do not express
Cx40 and Cx43, and cardiomyocytes that do
express both. The first group includes the myo-
cardium of the sinus node, the atrioventricular
canal (including the atrioventricular node), bun-
dle of His and the outflow tract. The second pop-
ulation includes the working myocardium of the
atria and the ventricles,and, later in development,
the myocardium of the inflow tract (excluding
the sinus node). These patterns further that the
structures that do not express Cx40/43 are derived
from the embryonic myocardium of the sinus
venosus and atrioventricular canal, respectively.
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lon Channels and Heart Development

The regulation of the action potential (AP) is
determined by a large variety of ion currents.
During the depolarization of the myocytes
massive amounts of sodium ions are pumped
into the cell, whereas the subsequent repolar-
izations are characterized by a balance of dif-
ferent potassium currents flowing into and out
the myocyte. Many genes are involved in main-
taining this dynamic balance, the most promi-
nent ones being SCN5A, carrying the initial
sodium current, and KCNQ1 and KCNH2, car-
rying the subsequent potassium currents.
Several modulator genes, such as KCNE1,2 and
SCNI1b also play a role. As much as is known
about their function and expression in the adult
heart, virtually nothing is known about the dif-
ferent components of the action potential dur-
ing the various embryonic stages. Attempts to
characterize the various individual currents
electrophysiologically during development
have been hampered by technical difficulties
though some studies were published on this
topic [113-115].

In general, the action potentials and resting
potentials in cardiomyocytes are altered greatly
during development, e.g. both the rate of rise and
the overshoot increases along with the duration
of the AP. These electrophysiological changes are
mainly produced by developmental changes in
ion channels, e.g. changes in amount, the type
and the kinetic properties. The fast sodium cur-
rent (mainly encoded by SCN5a and SCNI1b),
which is responsible for the upstroke of the AP, is
markedly increased during development. There
are few functional sodium channels present at
the earliest stage but the density increases pro-
gressively during development. Though the cur-
rent has a significant sustained component in the
earlier stages, this decreases during development,
thereby contributing in part to the abbreviation
of the AP [115]. The main potassium current in
fetal ventricular myocytes is I (mainly encoded
by KCNH2 and KCNE2), whereas I, (encoded by
KCNQ1 and KCNEI1) is lacking or very small,
though in the early neonate I becomes the
dominant repolarizing current. I, or the funny
current (encoded by the HCN gene family), is the
pacemaker current and as such contributes
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prominently to cardiac rhythm [116].In the early
embryonic human heart, wide expression of the
pacemaker channel HCN4 is seen at the venous
pole, including the atrial chambers. The HCN4
expression becomes confined during later devel-
opmental stages to the components of the con-
duction system [16]. From mouse studies it is
known that mice lacking HCN4 globally, as well
as selectively from cardiomyocytes, die between
ED9.5 and 11.5, displaying a strong reduction in
I, and bradycardia [117]. The few studies that
investigated I, electrophysiologically during
development did so only in ventricular cells.
They show that I.is prominent at E9.5 in ventric-
ular myocytes and decreases together with loss
of regular spontaneous activity of ventricular
cells towards the neonatal stage, which is accom-
panied by a subtype switch from HCN4 to HCN2
[118, 119]. So while the I, current of the sinus
node type is present in early embryonic mouse
ventricular cells, the ventricle tends to lose pace-
maker potency during the second half of embry-
onic development. Moreover, kinetics were found
to be changed, as the threshold voltage to evoke I,
significantly lowers from neonatal myocytes to
adult ones [120]. The developmental expression
pattern of the HCN4 gene shows that it can
already be detected in the cardiac crescent at
ED7.5,while at ED8 it is symmetrically located in
the caudal portion of the heart tube, the sinus
venosus, where pacemaker activity has previ-
ously been reported [21]. Further in develop-
ment, HCN4 becomes asymmetrically expressed,
occupying the dorsal wall of the right atrium and
eventually becomes restricted to the junction of
the right atrial appendage and the superior vena
cava in concordance with the site at which the
sinus node is located in the postnatal and adult
heart [121]. In the adult heart, the sinus node,
atrioventricular node and ventricular conduc-
tion system mainly expresses HCN4, whereas
expression of HCN2 is homogenously low in the
heart [119]. The molecular pathways underlying
the developmental regulation of cardiac HCN
channels are not yet known. Recently the myo-
cyte enhancer factor 2 (MEF2) was shown to
interact with an enhancer of HCN4 and regulate
its transcription [122]. As MEF2 expression is
increased in the atrium, it could possibly account
in part for the spatial distribution of HCN4 [123].
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Likewise, NKX2-5 is a strong candidate for the
developmental regulation of HCN4, as it has been
implicated in HCN4 repression and its
confinement to the sinus venosus in the develop-
ing heart [22].

lon Channels Have a Possible Non-
electrogenic Role in Heart Development

Recent work has demonstrated that heart devel-
opment does not only rely on interactions of
transcription factors and target genes, but, sur-
prisingly, that ion channels themselves play a
novel and possibly non-electrogenic role in
heart development. The first evidence for this
emerged from a study in which a strain of
zebrafish called island beat was identified. These
fish exhibited ventricular growth failure and
non-contraction, while the atrium exhibited
rapid, isolated, and uncoordinated contractions.
Positional cloning led to the identification of
mutations in the pore-forming a(alpha)1C sub-
unit of the L-type calcium current [124]. Thus,
abolishment of this current caused the ventricle
to fail to grow and remain electrically silent,
which demonstrated that the L-type calcium
current is essential for normal cardiac form and
function during embryonic development. This
was followed by the discovery that knockouts
for Scn5a, the cardiac sodium channel, led to
early embryonic lethality. Hearts of knockout
mice showed uncoordinated contractions, and
developmental defects were seen, such as a com-
mon ventricular chamber, with reduced cham-
ber size,reduced trabeculation of the ventricular
wall, and a reduced number of thin, spindle-like
cardiomyocytes [125]. This ventricular defect in
Scn5a knockout embryos is unlikely to reflect a
generalized failure of cardiac development, as
the endocardial cushions of the atrioventricular
canal, the common atrial chamber, and the trun-
cus arteriosus appeared normal. This suggested
the possibility that ion channels have an impor-
tant influence on ventricular development.
Indeed, antisense knockdown of zebrafish
homologue Scn5a results in marked cardiac
chamber dysmorphogenesis and perturbed
looping [126]. Moreover, these abnormalities

were associated with decreased expression of
the myocardial precursor genes Nkx2.5, Gata4,
and Hand2 and significant deficits in the pro-
duction of cardiomyocyte  progenitors.
Interestingly, these early defects did not appear
to result from altered membrane electrophysiol-
ogy, as prolonged pharmacological blockade of
sodium current failed to phenocopy the ion
channel knockdown. Moreover, embryos grown
in the calcium channel blocker-containing
medium (similar to the island beat experiments
described earlier) had hearts that did not beat
but developed normally. This demonstrated that
voltage-gated ion channels have important roles
in vertebrate heart development and supports
the hypothesis that such roles might be medi-
ated by nonelectrogenic functions of the chan-
nel complex. Additional evidence for the role of
ion channels in heart development comes from
studies on mice lacking Hcn4 (carrier of the I,
pacemaker current), either globally or
specifically in the heart. Such mice die during
embryonic development between E9.5 and
E11.5, as mentioned earlier [117]. In summary,
recent results argue that ion channels are
required for heart development in addition to
their canonical role as regulators of heart
rhythm. Moreover, the data suggest that this
developmental role is mediated by a nonelectro-
genic function of the ion channel.

Conclusion

The heart evolved from a myocardial tube in
primitive chordates to a four-chambered heart
with synchronous contraction and dual circula-
tion in higher vertebrates. Each cardiomyocyte
of a primitive heart can be considered as a nodal
cell because it displays automaticity and is
poorly coupled, which, together with slow prop-
agation, gives rise to peristaltic contraction. The
introduction of dominant pacemaker activity at
the intake of the heart perfected such a heart
into a one-way pump. Subsequently, highly local-
ized, fast-conducting cardiac chambers were
added to this nodal tube, resulting in the four-
chambered hearts. Interestingly, concomitant
with the formation of such chambers, an adult
type of electrocardiogram (ECG) can already be
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monitored in the embryo. Thus, cardiac design,
e.g. the positioning of the atrial and ventricular
chambers within the nodal tube, principally
explains the coordinated activation of the heart
reflected in the ECG. A crucial question is why
some areas of the embryonic heart tube do not
participate in the formation of atrial or ventric-
ular working myocardium and mature in a
nodal direction. As a generalized hypothesis we
propose that the chamber-specific program of
gene expression is specifically repressed by
T-box factors and by the other transcriptional
repressors. Consequently, aberrant expression
of these factors might be at the basis of ectopic
automaticity, malformations of the conduction
system and congenital heart disease in general.
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