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Abstract 

 

Congenital cardiac malformations account for one-quarter of all human congenital 

abnormalities. They are caused by environmental and genetic factors. Despite increasing 

efforts in fundamental research, as yet, the morphogenesis of only a limited number of 

malformations has been elucidated. Over the last decades, new genetic modifications have 

made it possible to manipulate the mammalian embryo. Evidence provided using these 

transgenic techniques has, over the past decade, necessitated re-evaluation of several 

developmental processes, important in the understanding of normal as opposed to abnormal 

cardiac development. In this review, we discuss current understanding of the patterning of the 

initial heart tube, new insights into formation of the atrial and ventricular chambers, and novel 

information on the origin of the cells that are added to the heart after formation of the initial 

tube. All of these advances modify our appreciation of malformations involving the venous 

and arterial poles. As we demonstrate, this new information sheds light not only on normal 

cardiac development, but also explains the structure of several previously controversial 

lesions seen in malformed human hearts. 
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Introduction 

 

Congenitally malformed hearts are the commonest lesions seen in humans at birth, occur in 

nearly 1% of live births, and are found in up to one-tenth of spontaneously aborted fetuses 

(Hoffman, 1995). Although many investigators during the previous century speculated on the 

pathogenesis of these malformations, the precise developmental processes underlying the 

lesions remained poorly understood. It has been established, nonetheless, that both the  

 

 

D
e

v
e

lo
p

m
e

n
t

B

oft

ra
rv

ED9.5

bGal

pm

C
expr Cre

expr

LacZ

A. Novel transgenic system to follow the fate of cells in mice

Mouse, in which a ubiquitous promoter 

does not drive expression of a reporter gene 

(here LacZ ) because of a stop sequence

that is flanked by loxP sites

LacZloxP loxP
Cre

I

LacZ

II

Mouse, in which Cre is targeted into 

an endogenous gene of interest, 

or driven by a tissue specific 

promoter

Cre

LacZ

LacZ Cre

When mouse I and II are crossed, in their progeny the sequence between the loxP sites is

recombined out wherever Cre is active, thus deleting the stop sequence that prevents LacZ

expression. As a result, LacZ is active in all cells in which Cre is, or once has been expressed. 

(See Fig. B and C)
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Figure 1. Transgenic Cre-loxP system to follow the fate of cells in vivo. (A) Irreversibly to label cells that 
do or once did express a gene of interest, two transgenic mouse lines are required. In one of the 
transgenes (mouse I) the coding sequence of Cre (Causes recombination enzyme) is cloned into the 
locus of the gene of interest. Another transgenic mouse (mouse II) holds a construct in which a 
ubiquitous promoter (that is, is active in all body cells) potentially drives expression of a reporter gene 
(here LacZ), however expression does not take place because of  the insertion of a Stop sequence 
upstream of the reporter gene. This Stop sequence is flanked by loxP sites. When both mice are crossed, 
in all cells where Cre is expressed, the enzyme recombines the two loxP sites, thus removing the Stop 
sequence and facilitating expression of the reporter gene. (B) In all cells in which Cre (yellow) is 
expressed, LacZ (blue) is activated. Cells, and all their daughter cells, that ever expressed Cre, will 
appear blue, independently of whether Cre is inactivated afterwards. (C) Fate map of neural crest cells in 
ED9.5 mouse embryo (de Lange et al., 2004), by using a transgenic mouse line which holds a construct 
in which Cre is driven by the promoter of Wnt1. Wnt1 is expressed in neural crest cells and is inactivated 
before entering the heart. oft, outflow tract; ra, right atrium; rv, right ventricle; pm, pharyngeal 
mesoderm; arrow heads point at outflow tract cushions. pm, pharyngeal mesenchyme; oft, outflow tract; 
ra, right atrium; rv, right ventricle. 
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environment (extensively reviewed in Mone et al., 2004) and genetic factors play important 

causative roles. 

 With the huge expansion of knowledge and techniques in molecular biology accrued 

over the last decades of the 20
th

 century, many genetic tools became available which provided  

important new knowledge. These advances in technology made it possible to generate 

transgenic mice, revealing the genetic networks underlying both normal and abnormal cardiac 

development. Using these techniques, it became possible to label irreversibly cells that once 

expressed a specific gene in the mouse embryo, thus permitting construction of “fate maps” to 

show the lineage of the marked cells and their progeny (for the interested reader, details of 

this novel technique are summarized in Figure 1). For the first time, therefore, it became 

possible to study the origin of the cells of the different components of the mature mammalian 

four-chambered heart, crucial information when we seek the cause of cardiovascular 

malformations. The information provided by these studies of cellular lineage often proved 

discordant with accepted views of cardiac development. Furthermore, the investigations 

validated in the mouse heart hypotheses made previously on the basis of labelling studies in 

chick embryos. Thus, it is now accepted that the initial linear heart tube does not contain all 

precursor cells of the mature heart, but rather gives rise only to part of the mature left 

ventricle (reviewed in Buckingham et al., 2005). The cells forming the remainder of the 

mature heart are added subsequently, by additional temporal migrations from the heart-

forming areas. Additionally, the studies of lineage showed that the borders between the initial 

building blocks were not fixed. Rather, the cells initially present in the primitive heart tube 

differentiate continuously into the more mature myocardium of the cardiac chambers. This 

means that a structure seen at one particular stage of development will not necessarily retain 

its cellular composition at subsequent developmental stages. As a result, a malformation 

found in a specific part of the mature heart might well result from perturbed development of a 

different early component, or could even be due to abnormal development of components 

formed outside the embryonic heart. 

 Many decisions are needed before embryonic cardiac cells develop appropriately from 

their primitive to their mature phenotype. Many of these decisions are taken, or enforced, by 

transcription factors. These factors are proteins that are able to bind to specific sequences of 

DNA (Figure 2). When they bind, together with other transcription factors and co-factors, 

they turn on, or turn off, the transcription of downstream target genes. These genes, in turn, 

induce the changes in cellular differentiation. When transcription factors fail to act correctly, 

cellular differentiation, and hence morphogenesis, are at risk. We now know that many 

congenital cardiac malformations are caused by mutations that change the protein level or the 

function of a transcription factor. Since most transcription factors have a role in different 

processes, act in different parts in the embryo, and at different times of development, such 

mutations often lead to defects in multiple tissues. In other words, the mutations are 

pleiotropic. 

 Taking advantage of this new evidence, we begin this review with a discussion of 

recent knowledge relative to patterning of the early straight embryonic heart tube. We then 
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discuss the formation of the chambers by ballooning from this embryonic tube, and the 

significance of the addition of cells after initial formation of the linear heart tube. We 

conclude by discussing how these new insights improved our understanding of congenital 

cardiac malformations, in particular those involving the venous and arterial poles. 
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Figure 2. Schematic presentation of the regulation of the activity of genes by transcription factors. The 
promoter of a gene is defined as all non-coding DNA sequences which are important for the regulation of 
its activity, that is, which regulate its transcription into RNA. Transcription factors are DNA-binding 
proteins that regulate the activity of a gene by binding to specific binding sites in its promoter. The 
activity of a gene depends on a balance between activating and repressing transcription factors. 
Transcription factors never act alone, but always with other factors in transcription complexes. Black 
arrows depict DNA polymerase activity transcribing a gene; green shapes activating transcription factors, 
red shapes repressing transcription factors. 

 

 

Patterning of the heart tube 

Myocardial cells of the primary heart tube share important physiological 

characteristics 

The heart is the first functional organ that is formed during development. Within 3 weeks of 

conception in humans, at a stage compatible with the mouse heart on embryonic day 8.5, it is 

already possible to see the beating heart. The heart needs to be functional from the onset of its 

formation because the subsequent development of the embryo depends on the circulatory 

system for the distribution and exchange of nutrients, oxygen, and waste products. At this 

early stage, the heart is a tube-like structure (Figure 3), which wall consists of an inner 

endocardial layer, a middle layer of extracellular matrix called the cardiac jelly, and an outer 

myocardial layer. The myocardium contracts in a peristaltoid fashion (Patten and Kramer, 

1933), pumping the blood from the venous to the arterial pole . Already in the 1940s it was 

recognized that it is the cell-free cardiac jelly which plays an essential role in the pumping 

function of the tubular embryonic heart (Barry, 1948). All three layers have a mesodermal 

origin. 
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 All myocytes, being embryonic or adult,  share a number of important physiological 

characteristics (Figure 4 - reviewed in  Moorman and Christoffels, 2003). In contrast to adult 

working myocardial myocytes, the cardiomyocytes of the embryonic heart tube have few 

contractile elements and a poorly developed sarcoplasmatic reticulum, they display high 

automaticity and have a low density of gap-junctions; consequently they are poorly coupled,  

 

 

ED8.0 ED8.5

ev

ift

oft

ea
lvlv

rvrv

avc

oft

ift

ic

oc

ED9.5

ventral dorsal

caudal

cranialBallooning model of chamber formation

ED8.0 ED8.5

evev

ift

oft

ea
lvlv

rvrv

avc

oft

ift

ic

oc

ED9.5

ventral dorsal

caudal

cranial

ventral dorsal

caudal

cranialBallooning model of chamber formation

 

 

Figure 3. Ballooning model of chamber formation. At embryonic day ED8.0 in mouse, the heart tube 
consists of primary myocardium sharing important physiological characteristics (see Figure 4). At ED8.5 
working myocardium of the ventricular, and only slightly later the atrial chambers, differentiates and 
balloons out only at the outer curvature of the looping heart. The inflow tract, atrioventricular canal and 
outflow tract maintain their embryonic phenotype and throughout development are connected at the 
inner curvature, which also maintains its primary phenotype. The boundary between grey and yellow 
reflects the pericardial deflection. a, atrium; ea, embryonic atrium; rv, right ventricle; lv, left ventricle; 
oft, outflow tract; avc, atrioventricular canal; ift, inflow tract; ev, embryonic ventricle.  
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Figure 4. Table with the characteristic properties of the embryonic primary myocardium, the 
myocardium of the mature nodes, and chamber myocardium. The primary myocardium shares important 
characteristics with the mature sinus node (SAN) and atrioventricular node (AVN). Both display high 
automaticity because of high expression levels of the pacemaker channel gene HCN4. Chamber 
myocardium has a high conduction velocity due to the expression of high levels of fast c`onducting gap 
junctions Connexin40 and Connexin43. SR, sarcoplasmic reticulum. 
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resulting in a slow conduction of the activation wave throughout the heart. Therefore, we 

describe the myocardium of the embryonic tube as being primitive, or primary (Figure 4). 

Significantly, a number of transcription factors are expressed along the different axes of the 

tube, permitting recognition of the patterning of the tube along its cranio-caudal, dorso-

ventral, and left-right axes (Figure 5). The patterning permits phenotypic differentiation of the 

different regions of the tube, ensuring its proper function.  

 

Cranio-caudal patterning 

Patterning along the cranio-caudal axis of the tube (Figure 5) can be recognized from the 

distribution of retinoic acid. This patterning is essential for the correct placement of the 

ventricles and the atrial chambers formed later in development (Yutzey et al., 1994). The 

importance of retinoic acid was shown by experiments in chicken. An excess of retinoic acid 

resulted in expansion of developing atrial structures, normally located caudally, while 
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Figure 5. The heart tube is patterned along its cranio-caudal, dorso-ventral and left-right axes by 
transcription factors that are differentially expressed along these bodily axes. v, ventral; d, dorsal; r, 
right; l, left; RA, retinoic acid. 

 

 

deficiency led to expansion of the ventricular compartment, which in the normal situation is 

positioned cranially (Yutzey et al., 1994; Hochgreb et al., 2003). Equally importantly, there is 

electric polarity along the cranio-caudal axis, with the cells showing the highest automaticity 

always found at the inflow to the developing heart. This feature insures that the dominant 

pacemaker is at the venous pole long before there is formation of a histological discrete 

conduction system. The overall effect is to produce slow peristaltoid contraction, which 

serves to propel the blood from the inflow to the outflow tract of the heart. 

 Equally important in determining cardiac design are the different members of the T-

box family of transcription factors (Yutzey et al., 1994; Stennard and Harvey, 2005). One of 

the members of the family, Tbx5, acts downstream of retinoic acid and shows a similar caudo-

cranial patterning, with the highest expression found caudally (Bruneau et al., 1999). Targeted 
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knockout of the factor in genetically modified mice reveals its function (for the interested 

reader, various transgenic possibilities in knock out mice are detailed in our Figure 6). The 

homozygous mutants show severe malformations, with particularly hypoplasia of the caudal 

structures of the heart (Bruneau et al., 2001). In humans, the majority of reported TBX5 

mutations leads to loss-of-function, and consequently haploinsuffiency of the gene, producing 

Holt-Oram syndrome, a rare autosomal dominant disorder that is characterized by 

malformations of the limbs and the heart (Basson et al., 1997). More recently, patients have 

been observed with a mutation leading to gain-of-function. These subjects show a mild, 

atypical, phenotype of the Holt-Oram syndrome, but with associated paroxysmal atrial  
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Figure 6. Schematic presentation of transgenic mouse models. In the normal situation one gene consists 
of two active alleles (one from both parents). In a homozygous knockout mouse both alleles have been 
disrupted and no protein is generated. In a heterozygous knockout mouse one of the alleles has been 
inactivated. Most often, this causes haploinsufficiency of the gene, i.e. the protein levels of the gene are 
half of the level in the normal situation. However, in the heterozygous knock out situation, the intact 
allele might become expressed more actively, resulting in higher than 50% of normal protein levels. 
Furthermore, if because of polymorphisms the allele that has been knocked out was the most active 
allele, this might lead to less than 50% of protein levels. Since many genetic disorders in human are 
caused by mutations resulting in dysfunction of only one of the alleles, heterozygous knockout mice 
mimic the genetic background of human diseases most closely. In a knock IN mouse, DNA encoding a 
transgenic gene is cloned into one of the alleles of the targeted gene. Therefore, the transgenic gene (for 
instance the reporter gene green fluorescent protein (GFP)) is expressed in the same spatiotemporal 
pattern as the endogenous gene. For clarity, in the model only two homologous chromosomes 
(represented by grey bars) with one gene (alleles represented by yellow boxes) are shown. 

 

 

fibrillation (Postma et al., 2008). The cardiac malformations most commonly include defects 

of atrial and ventricular septation, but many other cardiac malformations have been 

reported.Among these, abnormalities of the morphologically left ventricle predominate, 

varying from aberrant trabecular patterning and mitral valvar prolapse to hypoplastic left heart 

syndrome (Basson et al., 1999). This is in keeping with the caudo-cranial patterning noted in 

the knockout mice, since as we will discuss, the apical part of the left ventricle balloons from 

the caudal part of the primary heart tube when considered relative to the right ventricle. 
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Furthermore, the diversity of the malformations caused by mutation in this single gene is a 

clear example of a pleiotropic effect. 

 

Left/right patterning 

The left/right axis of the developing embryo (Figure 5) is established well before formation of 

the heart tube. Left-right patterning specifies the laterality of most organs within the body, 

including eventually the heart. Abnormalities in patterning along this axis produce various 

malformations, including mirror-imagery and the right and left isomeric variants, the latter 2 

usually grouped together in the clinical situation as visceral heterotaxy (Capdevila et al., 

2000). When there is mirror-imagery, all organs of the body are formed in reverse, in other 

words with those organs usually formed on the right side retaining their normal anatomy, but 

being positioned on the left side of the body. In the setting of isomerism, in contrast, the 

organs on both sides of the body develop with the same morphological characteristics, so that, 

for example, in right isomerism both lungs have 3 lobes, with each lung supplied by a short 

bronchus (Figure 7). In the heart, it is only the atrial appendages which can be truly isomeric, 

since they are the only parts of the atrial chambers dependent on left-right patterning. This is 

because, as we will explain, both appendages balloon from the same segment of the heart 

tube, and hence both respond to the same signals. In contrast, the apical parts of the ventricles, 

these being the components that confer morphological specificity, balloon in series from the 

original ventral side of the primary tube, with the apical part of the morphologically left 

ventricle ballooning caudally relative to the apical component of the morphologically right 

ventricle. Since the ventricles develop in comparable fashion from consecutive parts of the 
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Figure 7. The arrangement of most lateralized organs: the lungs and bronchuses, the atrial appendages, 
liver, spleen, and gut, shown in right and left isomerism. bilat. triang. atrial app., bilaterally triangular 
atrial appendages; bilat. tubul. atrial app., bilaterally tubular atrial appendages. 1-3, lobes of the lungs. 
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tube, in molecular terms both have a right and a left side. Hence, both sides of each ventricle 

respond in comparable fashion to the genes determining laterality. 

 In molecular terms, evidence of left-right patterning can already be detected during 

gastrulation, when nodal, a member of the TGFβ family, is expressed only in the lateral plate 

mesoderm on the left side of the embryo. Its fundamental role in establishment of the bodily 

axis was shown in transgenic mice expressing nodal on the right side, instead of left-sided 

mesoderm. These mice developed with complete mirror-imagery, or so-called situs inversus 

(reviewed in Ramsdell, 2005). The essential regulator of cardiac left-right patterning is Pitx2c 

(Kitamura et al., 1999; Capdevila et al., 2000), a member of the homeobox gene transcription 

factor family that acts downstream of nodal. This gene is first detected prior to formation of 

the heart tube, when it is expressed exclusively in the left heart-forming field. When the heart 

tube is formed, it is found exclusively in the left part of the looping heart. Mice deficient for 

Pitx2 have right isomerism of the atrial appendages, common atrioventricular junctions, 

anomalous pulmonary venous connections, and bilateral systemic venous tributaries (Liu et 

al., 2002). The mice also show isomerism of the sinus node (Mommersteeg et al., 2007), as do 

humans with right isomerism (Smith et al., 2006). In humans, mutations in the PITX2 gene 

are also linked to the Rieger syndrome (reviewed in Amendt et al., 2000), an autosomal 

dominant disorder that is characterized by abnormalities of the eyes, teeth and umbilicus, but 

surprisingly not with deficient laterality. This can be explained by the effect of differential 

gene dosage, with one normal copy of the gene being sufficient to provide appropriate left-

right patterning, but insufficient for adequate formation of the teeth and eyes (Liu et al., 

2001). Other research with mice has shown that Pitx2 is also expressed in the mesenchymal 

cells that are added to the heart after formation of the initial heart tube, where it again imposes 

laterality (Ai et al., 2006; Galli et al., 2008). This finding helps explain the abnormalities of 

the outflow tract and right ventricle seen in Pitx2-deficient mice, notably double outlet right 

ventricle or discordant ventriculo-arterial connections, since these structures are almost 

completely derived from cells added to the heart later in development. 

 

Dorso-ventral patterning 

When the heart starts to loop, it develops an outer and inner curvature (Figure 3). While cells 

are continuously added at both sides of the tube, first the ventricles develop at the cranio-

ventral side, and only slightly later the atria form more caudally at both dorso-lateral sides. It 

is the apical parts of the ventricles, and the atrial appendages, which confer morphologic 

specificity on the ventricular and atrial chambers, respectively. Thus, formation of 

morphologically specific chambers is regulated not only by cranio-caudal, but also by dorso-

ventral patterning (Figure 3 and 5). The principal signal inducing the dorso-ventral axis, 

however, remains unknown. Based on its pattern of expression, the helix-loop-helix 

transcription factor Hand1 is a potential candidate (Christoffels et al., 2000). This gene is 

expressed at the ventral side of the heart tube, and subsequent to looping, along the outer 

curvature. It is from this side of the loop that the apical parts of the definitive ventricles 
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balloon, as demonstrated by the expression of genes that are specific for working-

myocardium, such as atrial natriuretic factor (anf)  and the gap junction protein Connexin40 

(Cx40) (Christoffels et al., 2000; Moorman and Christoffels, 2003). When Hand1 is knocked 

out in mice, the embryos die early in development because of defects of the placental 

trophoblast (Riley et al., 1998). If the gene is knocked out only in the embryo, and not in the 

developing placenta, the embryos live until mid-gestation. Cardiac looping does not occur, 

with the ventricles staying thin-walled, and failing to expand. The chamber-specific gene anf, 

however, continues to be expressed locally (Riley et al., 1998), indicating that Hand1 is 

essential for development of the ventricles, but that it is not the primary signal inducing 

differentiation. Mutations of HAND1 have yet to be detected in humans, most likely because 

heterozygous deficiency of the gene does not provoke a phenotype, just as has been shown in 

mice (Riley et al., 1998). An alternative explanation, of course, might be that such mutations 

are lethal because of extraembryonic defects. 
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Localized differentiation of working myocardium 

Formation of the ventricular and atrial chambers 

After its initial formation, the heart tube elongates by the continuous addition of cells at both 

poles of the heart. These cells are recruited from a highly proliferative pool of mesodermal 

cells located in the dorsal wall of the pericardial cavity and the pharyngeal arches (Kelly et 

al., 2001; Cai et al., 2003). Before they differentiate into myocytes, they cease to proliferate 

(Soufan et al., 2006). The myocytes forming the primary heart tube are in a low proliferative 

state (Figure 4). Then, only at very localized spots in the tube, the myocytes increase in size 

and re-initiate cell division (Soufan et al., 2006). Under the control of a chamber-specific 

genetic programme, these cells develop the properties of chamber myocardium, whilst the 

remainder of the tube maintains its embryonic, or primary, phenotype (Figure 3 and 4 - 

Moorman et al., 2000; Moorman and Christoffels, 2003). At the cranial part of the tube, at the 

original ventral side, primary myocardium begins to differentiate into the working 

myocardium of the embryonic left ventricle (Figure 3). More caudally, there is differentiation 

of primary myocardium into the chamber myocardium of the left and right atrial appendages 

on both dorso-lateral sides (Figure 3). Concomitant with chamber formation, typical apical 

trabeculated aspects of the chambers develop, much more pronounced in the ventricles than in 

the atria. The left and right ventricle develop a specific pattern of trabeculations, a feature 

used by the cardiac pathologist to identify their morphologic identity. The molecular 

background of this difference between both ventricles is unknown. As the myocytes become 

converted to a working phenotype, their velocity of conduction increases as they also develop 

gap-junctions containing Connexin40 and Connexin43 proteins. They also increase their 

contractile function by building up well-developed sarcomeric and sarcoplasmic reticular 

structures. These different morphogenetic processes - cell growth, proliferation and 

differentiation - cause the apical parts of the ventricles, and the atrial appendages, to expand 

locally. This process of differentiation of the myocardium of the primary heart tube along its 

outer curvature into the working myocardium of the chambers was initially illustrated by 

Davis following his studies of the human embryos held in the archive of the Carnegie 

Institution (Davis, 1927). In the 70ies the expansion from the outer curvature of the looping 

heart was also illustrated in the textbook of Goor and Lillehei (1975), and furthermore in the 

textbook of cardiac anatomy produced by Anderson and Becker (1978), albeit using an 

inappropriate segmental model for the initial heart tube. The concept was then brought to 

prominence as the ballooning model for formation of the cardiac chambers (Figure 3 - 

Moorman et al., 2000; Christoffels et al., 2000; Moorman and Christoffels, 2003). 

The ballooning model has helped solve one of the major problems confronting 

generations of cardiac embryologists. This has been to explain how an initially solitary tube, 

with laminar flow through a single lumen, can transform into a 4-chambered heart in which 

the pulmonary and systemic circulations work in parallel (Kirby, 2001). The solution to this 

problem was difficult to understand when it was presumed that the primordiums for all  
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Figure 8. The segmental model of heart development, in which it was inaccurately assumed that already 
in the early heart tube all progenitors of the mature building blocks of the heart were present as a linear 
array of transverse precursor components. sv, sinus venosus. See legend to Figure 3 for other 
abbreviations. 

 

 

cardiac chambers were already present in a linear array of transverse segments within the 

initial heart tube, as in the concept advanced by Anderson and Becker in their atlas of 1978. In 

this segmental model the atrioventricular canal and the outflow tract were separated by cells 

fated to become the left and right ventricle, respectively (Figure 8). The major difficulty to 

overcome was to understand how the mature atrioventricular canal could become connected 

to the right ventricle, and the mature left ventricle to the subaortic component of the outflow 

tract. Ingenious but complex solutions had been proposed previously, such as that put forward 

by Odgers (1938), but the accounts were remarkably difficult to understand. The essence of 

the ballooning model is the insight that the inflow tract, the atrioventricular canal, and the 

outflow tract maintain their primary myocardial phenotype, and are interconnected one to 

another at the inner curvature throughout development. Thus, from the outset the flows 

through the developing chambers are connected within the primary tube, the parietal wall of 

the right atrium already being in continuity via the right side of the atrioventricular canal with 
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Figure 9. Already prior to and during septation, in the looping heart a left and right circulation act in 
parallel. Electron microscopic picture (A), model without cushions (B) and with atrioventricular and 
outflow tract cushions (C) of a frontal view of a ED10 septating mouse heart. In the models the outflow 
tract has been shifted sideward for clarity. The dotted arrows indicate the left (systemic) and right 
(pulmonal) circulation acting in parallel. In the models the cardiac cushions are indicated in yellow. cush, 
cardiac cushion. See legend to Figure 3 for other abbreviations. 
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the wall of the developing right ventricle, and the wall of the presumptive subaortic outlet 

already being in continuity, via the inner heart curvature, with the roof of the developing left 

ventricle. Long before overt cardiac septation, therefore, the systemic and pulmonary 

circulations are properly arranged in parallel (Figure 9 shows this parallel arrangement in the 

septating heart). 

 

Chamber formation requires a network of activating and repressing 

transcription factors  

We are just beginning to understand the molecular mechanisms underlying the strictly 

localized activation of the chamber-specific genetic programme. By an interplay of 

transcription factors, including Nkx2-5, Gata4, and the T-box transcription factors Tbx5 and 

Tbx20, the chamber-specific programme is potentially activated throughout the entire heart 

tube (Figure 10), inducing differentiation of primary into working myocardium (Bruneau et 

al., 2001; Hiroi et al., 2001). Formation of chamber myocardium, nonetheless, is prevented in 

the inflow tract, atrioventricular canal, inner curvature and outflow tract by the transcription 

factors Tbx2 and Tbx3, which repress the chamber-specific genetic programme (Figure 10 

and 11 - Habets et al., 2002). Tbx2 is expressed from early stages onwards when formation of 

the chambers commences, and decreases prior to birth. Tbx3, however, is expressed until 

adulthood, and delineates the developing central conduction system (Hoogaars et al., 2004). 

 This mechanism of localized complementary repression has important consequences 

on our thinking about congenital malformations that might occur during formation of the 

chambers. If repression is incomplete, chamber-specific genes will be expressed ectopically,  
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Figure 10. Model for the mechanism of transcriptional activation and repression of chamber genes. 
Broadly expressed transcription factors like GATA, Nkx2-5, Tbx5 and Tbx20 potentially activate chamber-
specific genes throughout the looping heart. Tbx2 and Tbx3 are specifically expressed only in the forming 
inflow tract, atrioventricular canal, inner curvature and outflow tract. These transcriptional repressors 
compete with Tbx5 for DNA binding and for Nkx2-5 and as a result prevent the activation of the 
chamber-specific gene program in these regions. Black oval depicts DNA polymerase. See legend to 
Figure 3 for abbreviations. 
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Figure 11. Chamber formation is potentially activated throughout the heart tube, but is kept strictly 
localized by complementary repression of the chamber-specific gene program. In situ hybridization of 
adjacent sections of an ED9.5 mouse heart shows chamber-specific expression of the working 
myocardium-specific marker gene atrial natriuretic factor (anf), and complementary expression of the 
transcriptional repressor Tbx2 in the primary myocardium of the atrioventricular canal and outflow tract. 

 

 

resulting in a chamber-like phenotype in the developing inflow tract, atrioventricular 

canal,inner curvature and outflow tract. Because, as we will explain later, some of these 

structures give rise to the mature nodes of the conduction system, ectopic expression of 

chamber-specific genes in these tissues might also lead to arrhythmias. For instance, changes 

in the essential low electrical coupling between the sinus node and the adjacent atrial 

myocardium may cause dysfunction of the sinus node. When rapidly conducting gap 

junctions, such as those containing Connexin40 or Connexin43, become ectopically expressed 

in the sinus node, the negative resting membrane potential of the atria (-90 mV) will 

hyperpolarize the more depolarized membrane potential of the small sinus node (-60 mV). 

The electrical load from the atrial myocardium on the sinus node will slow the rate of 

diastolic depolarization, and hence spontaneous activity. Should the electrical load become 

sufficiently large, it may even lead to sinuatrial arrest. Likewise, increased conduction in the 

atrioventricular node will reduce the conduction time between the atrial and ventricular 

chambers. Consequently, all four chambers will contract almost simultaneously, which will 

impair the normal pump function of the heart. An additional disadvantage is that 

supraventricular tachycardias will be more easily conducted to the ventricles, thereby 

potentially causing life-threatening ventricular tachycardias. In addition, when the signaling 

pathways in the primary myocardium are disturbed, it is possible that this may induce 

formation of rapidly conducting atrioventricular muscular connections across the malformed 

atrioventricular junctions. Recent experiments from our laboratory, as yet unpublished, show 

that these accessory tracks can lead to pre-excitation of the ventricles, as seen in humans with 

Wolff-Parkinson-White syndrome. 

 In Tbx2-deficient mice, chamber-specific genes are expressed throughout the 

developing atrioventricular canal (Harrelson et al., 2004). Although an atrioventricular 

constriction was visible in these mice, it was less than normal, with compromised formation 

of the endocardial cushions. When Tbx3 was knocked out, mice died before birth, but initially 
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an obvious macroscopic cardiac phenotype was not reported (Davenport et al., 2003). More 

recent investigations have shown that, in Tbx3 knock out mice, the gap junction genes 

Connexin40 and Connexin43 are ectopically expressed in the sinus node (Hoogaars et al., 

2007), whereas the bundle branches fail fully to develop (Bakker et al., 2008). Moreover, 

these mice exhibit ventricular septal defects and double outlet right ventricle. Functional 

consequences of the genes expressed ectopically in the His bundle and bundle branches, 

which are normally exclusively expressed in the working myocardium, surprisingly could not 

be detected (Bakker et al., 2008). The functional consequences for the sinus node, in other 

words whether these mice suffer from bradycardias or sinuatrial arrests, have yet to be 

investigated. In humans, mutations of TBX3 cause the ulnar-mammary syndrome (Bamshad et 

al., 1997). This syndrome is characterized by defects of the upper limbs on the ulnar side, 

malformations of the external genital organs, hypoplasia of the mammary glands, and 

malformations of the teeth (Bamshad et al., 1999). Only very rarely have malformations of the 

heart been reported, such as ventricular septal defect at birth, and pulmonary stenosis at a later 

age (Meneghini et al., 2006). Again unexpectedly, thus far no instance has been encountered 

of abnormal conduction. This relatively mild cardiac phenotype cannot be explained by the 

redundant expression of Tbx2, because Tbx2 is neither expressed in the sinus node, nor in the 

atrioventricular bundle. Apparently, half of the normal levels of the TBX3 protein in the 

embryo are sufficient for appropriate development of the heart, but not the limbs. To the best 

of our knowledge, mutations of TBX2 have not yet been reported in man. 

 

Further formation and septation of the atrial chambers 

We have explained how ballooning of the appendages from the original caudo-dorsal part of 

the primary heart tube provides the basis for formation of the right and left atrial appendages. 

We have also explained that, at this stage, the remainder of the atrial component of the heart 

tube retains its primary myocardial phenotype (Figure 4). At this stage of development, the 

systemic venous tributaries drain to the caudal pole of the tube in symmetrical fashion (Figure 

12A and B), and as yet there is no formation of either the lungs, or the pulmonary vein. The 

caudal part of the tube, nonetheless, remains attached to the pharyngeal mesoderm via the 

dorsal mesocardium. It is through the dorsal mesocardium that new material is added to the 

venous pole of the developing heart. This newly added mediastinal myocardium functionally 

is working myocardium because it expresses fast conducting channels composed of 

Connexin40. However, it is different from the working myocardium of the appendages 

because it does not express atrial natriuretic factor (Figure 12). In the mouse, the mediastinal 

myocardium is initially restricted to the area around the persisting dorsal mesocardium 

(Figure 12 - Soufan et al., 2004). With ongoing development, the area formed by mediastinal 

myocardium expands considerably, and comes to form the larger part of the body of the 

developing left atrium, the primary atrial septum, and a significant part of the developing right 

atrium up to the left venous valve. At the same time, there is a marked realignment of the 

systemic venous tributaries, such that the left sinus horn diminishes in size, with the left 
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cranial cardinal vein becoming incorporated, in the mouse, into the left atrioventricular 

groove, draining to the right atrium as well (Figure 12C and D). This then sets the scene for 

atrial septation, since the developing pulmonary vein opens to the left atrium through a 

solitary opening in the dorsal mesocardium, between the so-called pulmonary ridges, adjacent  
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Figure 12. With ongoing development, the area of the atrial dorsal wall that is formed by mediastinal 
myocardium increases considerably, whereas at the same time the systemic tributaries realign, such that 
both the right and the left systemic vein drain into the right atrium. Reconstructions of mouse atrial 
development. Dorsal views (A and C) and ventral views of the dorsal halves (B and D) are shown for 
ED9.5 (A and B) and ED10.5 (C and D). In the reconstructions, only the myocardium and the intra-
cardiac mesenchyme are shown. One should keep in mind that at this stage the heart is surrounded by 
(extra-cardiac) mesenchyme. (A, B) At stage ED9.5, the ballooning appendages of the atria are mostly 
composed of working myocardium (blue). The primordium of the lung vein (red), composed of 
mesenchyme, is enclosed by the left and right pulmonary ridges, which consist of mediastinal 
myocardium (purple). Still, the left and right systemic veins (orange) drain symmetrically into the left 
and right atrium, respectively. (C) Via the mesocardium, there has been ongoing recruitment of 
mediastinal myocardium, which at ED10.5 forms most of the atrial dorsal wall. The lateral appendages 
still are composed of working myocardium, whereas only the floor of the atrium is still composed of 
primary myocardium (grey). The wall of the systemic veins have myocardialized, forming the sinus 
horns. The left sinus horn now is located in the atrioventricular groove and drains, together with the right 
sinus horn, into the right atrium. (D) The primary atrial septum, composed of newly formed mediastinal 
myocardium, grows towards the atrioventricular cushions to separate the atria. The pulmonary vein has 
luminized and drains into the left atrium. LPR, left pulmonal ridge; RPR, right pulmonal ridge; PVP, 
pulmonary vein primordium; LSV, left systemic vein; RSV, right systemic vein; SS, sinus septum; PV, 
pulmonary vein; SAJ, sinu-atrial junction; MC, mesenchymal cap; PS, primary septum; IC, inferior 
atrioventricular cushion; LSH, left sinus horn. See legend to Figure 3 for other abbreviations. 
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to the developing atrioventricular junction. The primary atrial septum then grows from the 

newly formed mediastinal myocardial component, approaching the endocardial cushions 

which themselves are dividing the atrioventricular canal. As the primary atrial septum grows 

towards the cushions, it carries on its leading edge a mesenchymal cap (Figure 12). It is then 

 fusion of the mesenchymal cap with the fused atrial aspect of the endocardial cushions that 

closes the primary atrial foramen. Prior to closure of the primary atrial foramen, however, the 

upper margin of the primary septum breaks down so as to permit the richly oxygenated 

placental blood returning to the heart through the umbilical and eventually the caudal cardinal 

vein to continue to reach the left side of the developing heart. 

 The point of fusion of the mesenchymal cap and the endocardial cushions is then 

further reinforced by growth of non-endocardium derived mediastinal mesenchyme through 

the mesocardium into the heart, the so-called vestibular spine or dorsal mesenchymal 

protrusion (His, 1880; Webb et al., 1998; Mommersteeg et al., 2006; Snarr et al., 2007). We 

now know that, subsequently, this non-endocardially derived mesenchyme is muscularised to 

form the basal buttress of the atrial septum (Mommersteeg et al., 2006). The so-called 

“septum secundum”, however, is no more than a fold in the atrial roof. Indeed, in the human 

heart this superior interatrial fold is not developed until after the solitary pulmonary vein has 

migrated to the roof of the left atrium, achieving separate opening for the four pulmonary 

veins in the process (Webb et al., 2001). The “septum secundum” is then simply the deep fold 

between the connections of the caval veins to the right atrium, and the pulmonary veins to the 

left atrium. This concept of atrial septal development also shows why sinus venosus and 

coronary sinus defects are interatrial communications, rather than atrial septal defects, since 

they are outside the confines of the atrial septum, this being limited to the floor of the oval 

fossa and the basal buttress formed by muscularisation of the vestibular spine (Anderson et 

al., 2004). 

 

Primary myocardium signals to adjacent endocardium to form cardiac cushions 

and later in development gives rise to the mature nodes of the conduction 

system 

Subsequent to ballooning of the atrial appendages and the apical parts of the ventricles, it 

becomes possible to recognize the atrioventricular canal as the component of the primary tube 

between the developing atrial and ventricular components. Because of the differences in 

growth, the inflow tract, atrioventricular canal, and the outflow tract are the persisting 

components of the primary tube roofed by the primary myocardium of the inner curvature. 

Responding to signals from this myocardium, the endocardial cells within the canal undergo a 

process of epithelial-to-mesenchymal transformation, and form the atrioventricular 

endocardial cushions (Figure 9 - Eisenberg and Markwald, 1995). Later in development, these 

cushions give rise to some of the leaflets of the mitral and tricuspid valves (de Lange et al., 

2004). Furthermore, during development cushion tissue fuses at the atrioventricular border 

with epicardial tissue of the atrioventricular groove, insulating the atria from the ventricles 
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electrically (Wessels et al., 1996). In the adult heart the fibrous body only consists of cells 

from the atrioventricular cushions (de Lange et al., 2004) and forms an integral part of the 

atrioventricular septum (Kanani et al., 2005). Additional cushions are formed within the 

outflow tract, which act initially as septal structures (Kanani et al., 2005), but eventually 

cavitate along their distal margins to form the leaflets of the arterial valves and their 

supporting sinuses (de Lange et al., 2004). The proximal parts of the cushions, subsequent to 

their fusion, muscularise to form the subpulmonary infundibulum, which eventually is 

converted into a free-standing muscular sleeve. The outflow cushions, therefore, play a crucial 

role in separating the systemic and pulmonary circulations, albeit that no septal structures 

remain in the definitive heart subsequent to closure of the embryonic interventricular foramen 

(Anderson et al., 2003). 

 Concomitant with formation of the chamber myocardium, it is possible to detect a 

mature electrocardiogram (Figure 13). As we have already discussed, the impulse is generated 

by the pacemaker cells at the venous pole, which then induces a rapid depolarization of the 

atrial myocardium. Subsequently, there is a delay in propagation of the impulse through the 

slowly conducting primary myocardium of the atrioventricular canal, followed by rapid 

propagation through the ventricles. Later in development, parts of the primary myocardium of 

the inflow tract and atrioventricular canal become the sinus and the atrioventricular nodes of 

the definitive conduction system, respectively (Figure 13 - Moorman and Christoffels, 2003). 

These mature nodes share essential phenotypic characteristics with their embryonic 

primordiums (Figure 4). The remaining parts of the inflow corridor, the atrioventricular canal, 

and the outflow tract do not contribute to the histologically discrete conduction system, but 

instead differentiate into the working myocardium of their appropriate chambers (Rana et al., 

2007), albeit that their primary origin can offer explanation for several known cardiac 

arrhythmias (Moorman et al., 2005). 
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Figure 13. The embryonic myocardium of the inflow tract and atrioventricular canal give rise to the 
mature sinus node and atrioventricular node, respectively. (A) ED9.5 mouse embryo, with an ECG 
recording drawn in it. As soon as the chambers form, an “adult-like” ECG can be detected (See text for 
details). Blue line marks the contour of the atria, red line the ventricles. Arrow gives direction of the 
action potential. (A,B,C) The inflow tract (dark green dot or circle in A,B) gives rise to the mature sinus 
node (dark green circle in C), whereas the atrioventricular canal (light green dot or circle in A,B) gives 
rise to the mature atrioventricular node (light green circle in C). See legend to Figure 3 for abbreviations. 
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Subsequent to formation of the linear heart tube, cells are 

continuously added to the heart 

 

Already from 1969 onwards, various labelling studies in chicken suggested that cells were 

added to both poles of the growing heart from the surrounding mesoderm (Figure 14 - 

Stalsberg and de Haan, 1969; Virágh and Challice, 1973; De la Cruz et al., 1989; De la Cruz 

and Sanchez-Gomez, 1998b). Since at that time cardiac development tended to be explained 

on the basis of the segmental model (Figure 8), in which the primordiums of all future 

components were postulated to be present in the initial heart tube (Rosenquist, 1970; Garcia-

Martinez and Schoenwolf, 1993), these important findings were largely ignored. In 2001, 

however, studies in chicken (Waldo et al., 2001; Mjaatvedt et al., 2001), and use of transgenic 

fate mapping techniques in mouse (Kelly et al., 2001), showed conclusively that the cells 

forming most of the mature right ventricle and outflow tract were added to the heart 

subsequent to the initial stage of looping. It was then shown by use of other genetically 

modified mice that cells were also added at the venous pole (Cai et al., 2003; Christoffels et 

al., 2006). It is now generally accepted that the progenitors within the initial linear tube give 

rise only to most of the apical part of the mature left ventricle (reviewed in De la Cruz and 

Markwald, 1998a; Zaffran et al., 2004). In the earliest stage, cells can be added via the 

mesocardium, which connects the linear tube with the dorsal pericardial wall over its full 

length. During looping, the mesocardium breaks to form the transverse sinus of the  
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Figure 14. Subsequent to formation of the initial heart tube, extracardiac cells are added to the heart 
continuously. Left lateral side of ED9.5 mouse embryo with contours of the heart drawn in it. Red arrows 
depict mesodermal cells from the second heart field which are added to the venous and arterial poles by 
recruitment. Yellow arrows depict cardiac neural crest cells which are added by migration after formation 
of the initial heart tube. Blue arrow depicts precursor cells of the sinus venosus. See legend to Figure 3 
for abbreviations. 
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pericardium. Subsequent to this breakdown, the tube is connected to the body wall only at the 

venous and arterial poles. This enables the heart to beat freely within the pericardial cavity. 

After the breakdown of the mesocardium, nonetheless, cells can then only be added at the 

venous or arterial poles of the growing heart. We now know that it is through these poles that 

further additions are made to the developing heart. 

 

The Second Heart Field 

Progenitor cells derived from splanchnic mesoderm bordering the initial heart tube 

continuously differentiate to myocardium, in a process nowadays often referred to as 

recruitment (red arrows in Figure 14). This causes the heart tube to elongate at both sides. 

After the initial differentiation into embryonic myocardium, cells will undergo additional 

differentiation, thus contributing to different building blocks of the heart. During recruitment, 

the cells do not move individually or as clusters, but are taken up as sheets, without changing 

position relative to their neighbours (Stalsberg and de Haan, 1969). The cells are recruited to 

the initial linear tube from a region in the dorsal wall of the pericardial cavity that has now 

become known as the second heart field (reviewed in Buckingham et al., 2005). In mouse, the 

cells from this field are characterized by their expression of the LIM homeodomain 

transcription factor Islet1 (Cai et al., 2003). The so-called second heart field is used in this 

fashion to distinguish the cells of the initial linear tube, which are considered to be derived 

from a primary heart field. We are comfortable with this nomenclature, although along with 

others (Abu-Issa et al., 2004), we question the discreteness of the alleged fields (Moorman et 

al., 2007). This scepticism is, perhaps, reinforced by the recent finding that, in early stages of 

development, the Islet1 protein can also be detected in the progenitors of the primary heart 

field among species (Yuan and Schoenwolf, 2000; Prall et al., 2007; Brade et al., 2007). 

These findings render Islet1 a pan-cardiac marker, and now leave the purported second field 

without any specific marker, supporting the notion of the existence of a single heart field, 

from which precursor cells are gradually added to the heart in a temporal sequence. It has 

been shown, nonetheless, that cells from the cranial part of the purported second field express 

the fibroblast growth factor gene Fgf10, and it is this population which gives rise to the 

outflow tract and the right ventricle (Waldo et al., 2001; Mjaatvedt et al., 2001; Kelly et al., 

2001). In contrast, most of the atrial myocardium is derived from the more caudal part of the 

field (Figure 12 and 14 - Cai et al., 2003; Galli et al., 2008). It remains a fact that only the left 

ventricle is derived from progenitors of the first heart field, which give rise to the initial linear 

heart tube early in development.  

 The identification of the second heart field, and its derivatives, has obvious 

implications for our thinking about congenital cardiac defects. First, it shows that the left and 

right ventricles have a distinctive transcriptional history. A biopsy of the left ventricle, 

therefore, does not necessarily tell us anything about the right ventricle! It may also explain 

why cardiac defects are localized to one side of the heart, albeit that disordered flow 

subsequent to the completion of septation provides an equally convincing explanation of 
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lesions such as hypoplastic left heart syndrome or pulmonary atresia with intact ventricular 

septum. The migration of temporally distinct populations of cells from the heart-forming 

areas, nonetheless, does show that the primary cause of malformations of the outflow region 

and right ventricle, varying from functionally univentricular hearts with dominant left 

ventricles to subtle defects of the outflow tracts, might be located outside the linear heart tube, 

and be located in the so-called second heart field. DiGeorge syndrome, for example, is a 

dominant disorder that is linked to a micro-deletion on human chromosome 22q11. It is 

characterized by a spectrum of abnormalities involving the outflow tracts, such as common 

arterial trunk or tetralogy of Fallot, and extra-cardiac defects like craniofacial 

dysmorphologies and hypoplasia of the thymus and parathyroid glands. This spectrum of 

abnormalities can be attributed to abnormal development of the pharyngeal arches and second 

heart field (Scambler, 2000). Because the T-box factor Tbx1 was shown to be both located 

within this chromosomal deletion, and expressed in the developing pharyngeal arches and 

second heart field, it was identified as a candidate gene. Indeed, in 2001 it was shown that 

mice deficient for Tbx1 phenocopy important aspects of the DiGeorge syndrome, including 

the malformations involving the outflow tracts (Jerome and Papaioannou, 2001). Also, since 

the atrial chambers, and the right ventricle, are largely derived from the second heart field, it 

has been suggested that mutations of genes that are important for correct regulation of the 

second heart field may lead to congenital malformations at both poles. Indeed, mice lacking 

the transcription factor Islet1 display severe malformations of the outflow tract and right 

ventricle, but also of the atrial chambers (Cai et al., 2003). In humans, however, defects that 

involve both the inflow and outflow regions of the heart are very rare. This rarity strongly 

suggests that a defect within the highly proliferative progenitors of the second heart field, 

sufficiently powerful to disturb both poles of the heart, is lethal. 

 

Cells from the neural crest migrate into the arterial pole to aid in separation of 

the pulmonary and aortic pathways 

Whereas the mesodermal cells are added to the heart by recruitment, cardiac neural crest cells 

are added to the arterial pole by migration (yellow arrows in Figure 14). After the neural tube 

and neural crest have been formed from the ectoderm during neurulation, the cells of the 

neural crest differentiate into ectomesenchyme, breaking up into individual cells that 

subsequently migrate through the body to give rise to diverse tissues such as neural ganglions, 

melanocytes, and the adrenal glands. The ectomesenchymal cells of the cardiac neural crest 

migrate into the outflow tract, populating the outflow cushions formed by endothelial-to-

mesenchymal transformation. The cushions, packed by the cells from the neural crest, initially 

form a septal structure throughout the lumen of the initially solitary outflow tract. They 

subsequently contribute to the formation of the arterial valvar leaflets and their supporting 

sinuses, and the most proximal parts muscularise to form the free-standing subpulmonary 

infundibulum (Anderson et al., 2003). The cells initially separating these structures, however, 

subsequently disappear, so that eventually there are no septal components between the arterial 
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valves, or between the subpulmonary infundibulum and the aortic root (Webb et al., 2003). 

The cardiac neural crest cells also give rise to the connective tissue of the thymus, thyroid 

gland and parathyroids. Ablation of the cardiac neural crest cells in the chick has been shown 

to cause malformations such as common arterial trunk, and non-cardiovascular defects like 

malformations of these glands in the neck (reviewed in Hutson and Kirby, 2003). Indeed, 

deficiency of the cardiac neural crest mimics the features from DiGeorge syndrome, which 

has been linked to the Tbx1 gene. It is nowadays established that, although not the principal 

perpetrator of the syndrome, disruption of migration of cells from the cardiac neural crest, 

either directly or indirectly by impairment of the Tbx1 dose, is an important mediator of the 

typical phenotype. 

 

 

Conclusions 

 

The ability genetically to modify mice has rapidly increased our insights into the mechanisms 

underlying cardiogenesis. These techniques have improved our understanding of several 

developmental mechanisms essential for shaping the normal developing heart. Awareness of 

these mechanisms, and of the transcriptional networks which regulate them, provides vital 

new clues for understanding congenital cardiac malformations. Based on these insights, it has 

been possible to detect novel candidate genes. Genetic and molecular research exploring these 

genes has shown them to produce congenitally malformed hearts. This new knowledge, 

however, should also serve to makes us humble, since the transcriptional networks and 

cellular interactions regulating cardiac development are shown to be remarkably complex. We 

have only just started to unravel them. 

 

 

Acknowledgments 

 

We thank Dr. A.T. Soufan for the preparation of Figure 12. T.H., V.M.C. and A.F.M.M. are 

supported by the Netherlands Heart Foundation (Grant no.: 1996T203). 



Introduction - Recent insights into cardiac development 
___________________________________________________________________________________ 

 34 

References 

 

Abu-Issa R, Waldo K, and Kirby ML. 2004. Heart fields: one, two or more? Dev Biol 272:281-285. 

Ai D, Liu W, Ma L, Dong F, Lu MF, Wang D, Verzi MP., Cai C, Gage PJ, Evans S, Black BL, Brown NA, and 

Martin JF. 2006. Pitx2 regulates cardiac left-right asymmetry by patterning second cardiac lineage-derived 

myocardium. Dev. Biol. 296:437-449. 

Amendt BA, Semina EV, and Alward WL. 2000. Rieger syndrome: a clinical, molecular, and biochemical 

analysis. Cell Mol. Life Sci. 57:1652-1666. 

Anderson RH and Becker AE. 1980. Cardiac anatomy. An integrated text and colour atlas. London: Gower 

Medical Publ. 

Anderson RH, Webb S, Brown NA, Lamers WH, and Moorman AFM. 2003. Development of the heart: 3 - 

formation of the ventricular outflow tracts, arterial valves, and intrapericardial arterial trunks. Heart 89:1110-

1118. 

Anderson RH, Webb S, Moorman AFM, and Brown NA. 2004. Morphological correlates of atrial development. 

John Keith Lecture. Cardiol Young 14:239-254. 

Bakker ML, Boukens BJ, Mommersteeg MTM, Brons JF, Wakker V, Moorman AFM and Christoffels VM. 

2008. Transcription factor Tbx3 is required for the specification of the atrioventricular conduction system. Circ 

Res. 102:1340-1349. 

Bamshad M, Lin RC, Law DJ, Watkins WC, Krakowiak PA, Moore ME, Franceschini P, Lala R, Holmes LB, 

Gebuhr TC, Bruneau BG, Schinzel A, Seidman JG, Seidman CE, and Jorde LB. 1997. Mutations in human 

TBX3 alter limb, apocrine and genital development in ulnar-mammary syndrome. Nat. Genet. 16:311-315. 

Bamshad M, Le T, Watkins WS, Dixon ME, Kramer BE, Roeder AD, Carey JC, Root S, Schinzel A, Van 

Maldergem L, Gardner RJ, Lin RC, Seidman CE, Seidman JG, Wallerstein R, Moran E, Sutphen R, Campbell 

CE, and Jorde LB. 1999. The spectrum of mutations in TBX3: Genotype/phenotype relationship in ulnar-

mammary syndrome. Am. J. Hum. Genet. 64:1550-1562. 

Barry A. 1948. The functional significance of the cardiac jelly in the tubular heart of the chick embryo. Anat. 

Rec. 102:289-298. 

Basson CT, Bachinsky DR, Lin RC, Levi T, Elkins JA, Soults J, Grayzel D, Kroumpouzou E, Traill TAL-SJ, 

Renault B, Kucherlapati R, Seidman JG, and Seidman CE. 1997. Mutations in human TBX5 cause limb and 

cardiac malformation in Holt-Oram syndrome. Nat. Genet. 15:30-35. 

Basson CT, Huang T, Lin RC, Bachinsky DR, Weremowicz S, Vaglio A, Bruzzone R, Quadrelli R, Lerone M, 

Romeo G, Silengo M, Pereira A, Krieger J, Mesquita SF, Kamisago M, Morton CC, Pierpont MEM, Müller CW, 

Seidman JG, and Seidman CE. 1999. Different TBX5 interactions in heart and limb defined by Holt-Oram 

syndrome mutations. Proc. Natl. Acad. Sci. USA 96:2919-2924. 

Brade T, Gessert S, Kuhl M, and Pandur P. 2007. The amphibian second heart field: Xenopus islet-1 is required 

for cardiovascular development. Dev. Biol. 311:297-310. 

Bruneau BG, Logan M, Davis N, Levi T, Tabin CJ, Seidman JG, and Seidman CE. 1999. Chamber-specific 

cardiac expression of Tbx5 and heart defects in Holt-Oram syndrome. Dev. Biol. 211:100-108. 

Bruneau BG, Nemer G, Schmitt JP, Charron F, Robitaille L, Caron S, Conner DA, Gessler M, Nemer M, 

Seidman CE, and Seidman JG. 2001. A murine model of Holt-Oram syndrome defines roles of the T-box 

transcription factor Tbx5 in cardiogenesis and disease. Cell 106:709-721. 



Chapter 1 
___________________________________________________________________________________ 

 

 35 

Buckingham M, Meilhac S, and Zaffran S. 2005. Building the mammalian heart from two sources of myocardial 

cells. Nat. Rev. Genet. 6:826-837. 

Cai CL, Liang X, Shi Y, Chu PH, Pfaff SL, Chen J, and Evans S. 2003. Isl1 identifies a cardiac progenitor 

population that proliferates prior to differentiation and contributes a majority of cells to the heart. Dev. Cell 

5:877-889. 

Capdevila J, Vogan KJ, Tabin CJ, and Izpisua Belmonte JC. 2000. Mechanisms of left-right determination in 

vertebrates. Cell 101:9-21. 

Christoffels VM, Habets PEMH, Franco D, Campione M, de Jong F, Lamers WH, Bao ZZ, Palmer S, Biben C, 

Harvey RP, and Moorman AFM. 2000. Chamber formation and morphogenesis in the developing mammalian 

heart. Dev Biol. 223:266-278. 

Christoffels VM, Mommersteeg MTM, Trowe MO, Prall OWJ, de Gier-de Vries C, Soufan AT, Bussen M, 

Schuster-Gossler K, Harvey RP, Moorman AFM, and Kispert A. 2006. Formation of the venous pole of the heart 

from an Nkx2-5-negative precursor population requires Tbx18. Circ Res. 98:1555-1563. 

Davenport TG, Jerome-Majewska LA, and Papaioannou VE. 2003. Mammary gland, limb and yolk sac defects 

in mice lacking Tbx3, the gene mutated in human ulnar mammary syndrome. Dev. 130:2263-2273. 

Davis CL. 1927. Development of the human heart from its first appearance to the stage found in embryos of 

twenty paired somites. Contrib. Embryol. 19:245-284. 

De la Cruz MV, Sánchez-Gómez C, and Palomino M. 1989. The primitive cardiac regions in the straight tube 

heart (stage 9) and their anatomical expression in the mature heart: an experimental study in the chick embryo. J. 

Anat. 165:121-131. 

De la Cruz MV and Markwald RR. 1998a. Living Morphogenesis of the Heart. Boston: Birkhäuser. 

De la Cruz MV and Sanchez-Gomez C. 1998b. Straight tube heart. Primitive cardiac cavities vs. primitive 

cardiac segments. In Living Morphogenesis of the Heart. Chp. 3, De la Cruz and Markwald. Boston: Birkhäuser, 

pp. 85-98. 

de Lange FJ, Moorman AFM, Anderson RH, Manner J, Soufan AT, de Gier-de Vries C, Schneider MD, Webb S, 

van den Hoff MJB, and Christoffels VM. 2004. Lineage and morphogenetic analysis of the cardiac valves. Circ 

Res 95:645-654. 

Eisenberg LM and Markwald RR. 1995. Molecular regulation of atrioventricular valvuloseptal morphogenesis. 

Circ. Res. 77:1-6. 

Galli D, Dominguez JN, Zaffran S, Munk A, Brown NA, and Buckingham ME. 2008. Atrial myocardium 

derives from the posterior region of the second heart field, which acquires left-right identity as Pitx2c is 

expressed. Dev. 135:1157-1167. 

Garcia-Martinez V and Schoenwolf GC. 1993. Primitive streak origin of the cardiovascular system in avian 

embryos. Dev. Biol. 159:706-719.  

Goor DA and Lillehei CW. 1975. Congenital malformations of the heart. Embryology, anatomy and operative 

considerations. New York: Grune and Stratton. 

 

Habets PEMH, Moorman AFM, Clout DEW, van Roon MA, Lingbeek M, Lohuizen M, Campione M, and 

Christoffels VM. 2002. Cooperative action of Tbx2 and Nkx2.5 inhibits ANF expression in the atrioventricular 

canal: implications for cardiac chamber formation. Genes Dev. 16:1234-1246. 

Harrelson Z, Kelly RG, Goldin SN, Gibson-Brown JJ, Bollag RJ, Silver LM, and Papaioannou VE. 2004. Tbx2 

is essential for patterning the atrioventricular canal and for morphogenesis of the outflow tract during heart 

development. Dev. 131:5041-5052. 



Introduction - Recent insights into cardiac development 
___________________________________________________________________________________ 

 36 

Hiroi Y, Kudoh S, Monzen K, Ikeda Y, Yazaki Y, Nagai R, and Komuro I. 2001. Tbx5 associates with Nkx2-5 

and synergistically promotes cardiomyocyte differentiation. Nat. Genet. 28:276-280. 

His W. 1880. Die area interposita, die Eustachische klappe und die spina vestibuli. Anatomie Menschlicher 

Embryonen 1880:149-152. 

Hochgreb T, Linhares VL, Menezes DC, Sampaio AC, Yan CY, Cardoso WV, Rosenthal N, and Xavier-Neto J. 

2003. A caudorostral wave of RALDH2 conveys anteroposterior information to the cardiac field. Dev. 130:5363-

5374. 

Hoffman JIE. 1995. Incidence of congenital heart disease: II. Prenatal incidence. Pediatr. Cardiol. 16:155-165. 

Hoogaars WMH, Tessari A, Moorman AFM, de Boer PAJ, Hagoort J, Soufan AT, Campione M, and 

Christoffels VM. 2004. The transcriptional repressor Tbx3 delineates the developing central conduction system 

of the heart. Cardiovasc Res 62:489-499. 

Hoogaars WMH, Engel A, Brons JF, Verkerk AO, de Lange FJ, Wong LYE, Bakker ML, Clout DE, Wakker V, 

Barnett P, Ravesloot JH, Moorman AFM, Verheijck EE, and Christoffels VM. 2007. Tbx3 controls the sinoatrial 

node gene program and imposes pacemaker function on the atria. Genes Dev. 21:1098-1112. 

Hutson MR and Kirby ML. 2003. Neural crest and cardiovascular development: a 20-year perspective. Birth 

Defects Res Part C. Embryo Today. 69:2-13. 

Jerome LA and Papaioannou VE. 2001. DiGeorge syndrome phenotype in mice mutant for the T-box gene, 

Tbx1. Nat. Genet. 27:286-291. 

Kanani M, Moorman AFM, Cook AC, Webb S, Brown NA, Lamers WH, and Anderson RH. 2005. Development 

of the atrioventricular valves: clinicomorphological correlations. Ann. Thorac. Surg. 79:1797-1804. 

Kelly RG, Brown NA, and Buckingham ME. 2001. The arterial pole of the mouse heart forms from Fgf10-

expressing cells in pharyngeal mesoderm. Dev. Cell 1:435-440. 

Kirby ML. 2001. Getting to the heart of cardiac morphogenesis. Circ. Res. 88:370-372. 

Kitamura K, Miura H, Miyagawa-Tomita S, Yanazawa M, Katoh-Fukui Y, Suzuki R, Ohuchi H, Suehiro A, 

Motegi Y, Nakahara Y, Kondo S, and Yokoyama M. 1999. Mouse Pitx2 deficiency leads to anomalies of the 

ventral body wall, heart, extra- and periocular mesoderm and right pulmonary isomerism. Dev. 126:5749-5758. 

Liu C, Liu W, Lu MF, Brown NA, and Martin JF. 2001. Regulation of left-right asymmetry by thresholds of 

Pitx2c activity. Dev. 128:2039-2048. 

Liu C, Liu W, Palie J, Lu MF, Brown NA, and Martin JF. 2002. Pitx2c patterns anterior myocardium and aortic 

arch vessels and is required for local cell movement into atrioventricular cushions. Dev. 129:5081-5091. 

Meneghini V, Odent S, Platonova N, Egeo A, and Merlo GR. 2006. Novel TBX3 mutation data in families with 

Ulnar-Mammary syndrome indicate a genotype-phenotype relationship: mutations that do not disrupt the T-

domain are associated with less severe limb defects. Eur. J. Med. Genet. 49:151-158. 

Mjaatvedt CH, Nakaoka T, Moreno-Rodriguez R, Norris RA, Kern MJ, Eisenberg CA, Turner D, and Markwald 

RR. 2001. The outflow tract of the heart is recruited from a novel heart-forming field. Dev. Biol. 238:97-109. 

Mommersteeg MTM, Soufan AT, de Lange FJ, van den Hoff MJB, Anderson RH, Christoffels VM, and 

Moorman AFM. 2006. Two distinct pools of mesenchyme contribute to the development of the atrial septum. 

Circ. Res. 99:351-353. 

Mommersteeg MTM, Hoogaars WMH, Prall OWJ, de Gier-de Vries C, Wiese C, Clout DEW, Papaioannou VE, 

Brown NA, Harvey RP, Moorman AFM, and Christoffels VM. 2007. Molecular pathway for the localized 

formation of the sinoatrial node. Circ. Res. 100:354-362. 



Chapter 1 
___________________________________________________________________________________ 

 

 37 

Mone SM, Gillman MW, Miller TL, Herman EH, and Lipshultz SE. 2004. Effects of environmental exposures 

on the cardiovascular system: prenatal period through adolescence. Ped 113:1058-1069. 

Moorman AFM, Schumacher CA, de Boer PAJ, Hagoort J, Bezstarosti K, van den Hoff MJB, Wagenaar GTM, 

Lamers JMJ, Wuytack F, Christoffels VM, and Fiolet JWT. 2000. Presence of functional sarcoplasmic reticulum 

in the developing heart and its confinement to chamber myocardium. Dev Biol. 223:279-290. 

Moorman AFM and Christoffels VM. 2003. Cardiac chamber formation: development, genes and evolution. 

Physiol. Rev. 83:1223-1267. 

Moorman AFM, Christoffels VM, and Anderson RH. 2005. Anatomic substrates for cardiac conduction. Heart 

Rhythm 2:875-886. 

Moorman AFM, Christoffels VM, Anderson RH, and van den Hoff MJB. 2007. The heart-forming fields: one or 

multiple? Phil. Trans. R. Soc. B. 362:1257-1265. 

Odgers PNB. 1938. The development of the pars membranacea septi in the human heart. J. Anat. 72:247-259. 

Patten BM and Kramer TC. 1933. The initiation of contraction in the embryonic chicken heart. Am. J. Anat. 

53:349-375. 

Postma AV, van de Meerakker JBA, Mathijssen IB, Barnett P, Christoffels VM, Ilgun  A, Lam J, Wilde AAM, 

Lekanne Deprez RH, and Moorman AFM. 2008. A gain-of-function TBX5 mutation is associated with atypical 

Holt-Oram syndrome and paroxysmal atrial fibrillation. Circ. Res. 102:1433-1442. 

Prall OWJ, Menon MK, Solloway MJ, Watanabe Y, Zaffran S, Bajolle F, Biben C, McBride JJ, Robertson BR, 

Chaulet H, Stennard FA, Wise N, Schaft D, Wolstein O, Furtado MB, Shiratori H, Chien KR, Hamada H, Black 

BL, Saga Y, Robertson EJ, Buckingham ME, and Harvey RP. 2007. An Nkx2-5/Bmp2/Smad1 negative feedback 

loop controls heart progenitor specification and proliferation. Cell 128:947-959. 

Ramsdell AF. 2005. Left-right asymmetry and congenital cardiac defects: getting to the heart of the matter in 

vertebrate left-right axis determination. Dev. Biol. 288:1-20. 

Rana MS, Horsten NCA, Tesink-Taekema S, Lamers WH, Moorman AFM, and van den Hoff MJB. 2007. 

Trabeculated right ventricular free wall in the chicken heart forms by ventricularization of the myocardium 

initially forming the outflow tract. Circ. Res. 100:1000-1007. 

Riley P, Anson-Cartwright L, and Cross JC. 1998. The Hand1 bHLH transcription factor is essencial for 

placentation and cardiac morphogenesis. Nat. Genet. 18:271-275. 

Rosenquist GC. 1970. Location and movements of cardiogenic cells in the chick embryo: the heart forming 

portion of the primitive streak. Dev. Biol. 22:461-475. 

Scambler PJ. 2000. The 22q11 deletion syndromes. Hum. Mol. Genet. 9:2421-2426. 

Smith A, Ho SY, Anderson RH, Connell MG, Arnold R, Wilkinson JL, and Cook AC. 2006. The diverse cardiac 

morphology seen in hearts with isomerism of the atrial appendages with reference to the disposition of the 

specialised conduction system. Cardiol. Young. 16:437-454. 

Snarr BS, Wirrig EE, Phelps AL, Trusk TC, and Wessels A. 2007. A spatiotemporal evaluation of the 

contribution of the dorsal mesenchymal protrusion to cardiac development. Dev. Dyn. 236:1287-1294. 

Soufan AT, van den Hoff MJB, Ruijter JM, de Boer PAJ, Hagoort J, Webb S, Anderson RH, and Moorman 

AFM. 2004. Reconstruction of the patterns of gene expression in the developing mouse heart reveals an 

architectural arrangement that facilitates the understanding of atrial malformations and arrhythmias. Circ Res. 

95:1207-1215. 



Introduction - Recent insights into cardiac development 
___________________________________________________________________________________ 

 38 

Soufan AT, van den Berg G, Ruijter JM, de Boer PAJ, van den Hoff MJB, and Moorman AFM. 2006. 

Regionalized sequence of myocardial cell growth and proliferation characterizes early chamber formation. Circ 

Res 99:545-552. 

Stalsberg H and de Haan RL. 1969. The precardiac areas and formation of the tubular heart in the chick embryo. 

Dev. Biol. 19:128-159. 

Stennard FA and Harvey RP. 2005. T-box transcription factors and their roles in regulatory hierarchies in the 

developing heart. Dev. 132:4897-4910. 

Virágh Sz and Challice CE. 1973. Origin and differentiation of cardiac muscle cells in the mouse. J. Ultrastruct. 

Res. 42:1-24. 

Waldo KL, Kumiski DH, Wallis KT, Stadt HA, Hutson MR, Platt DH, and Kirby ML. 2001. Conotruncal 

myocardium arises from a secondary heart field. Dev. 128:3179-3188. 

Webb S, Brown NA, and Anderson RH. 1998. Formation of the atrioventricular septal structures in the normal 

mouse. Circ. Res. 82:645-656. 

Webb S, Kanani M, Anderson RH, Richardson MK, and Brown NA. 2001. Development of the human 

pulmonary vein and its incorporation in the morphologically left atrium. Cardiol. Young. 11:632-642. 

Webb S, Qayyum SR, Anderson RH, Lamers WH, and Richardson MK. 2003. Septation and separation within 

the outflow tract of the developing heart. J Anat. 202:327-342. 

Wessels A, Markman MWM, Vermeulen JLM, Anderson RH, Moorman AFM, and Lamers WH. 1996. The 

development of the atrioventricular junction in the human heart. Circ. Res. 78:110-117. 

Yuan S and Schoenwolf GC. 2000. Islet-1 marks the early heart rudiments and is asymmetrically expressed 

during early rotation of the foregut in the chick embryo. Anat. Rec. 260:204-207. 

Yutzey KE, Rhee JT, and Bader D. 1994. Expression of the atrial-specific myosin heavy chain AMHC1 and the 

establishment of anteroposterior polarity in the developing chicken heart. Dev. 120:871-883. 

Zaffran S, Kelly RG, Meilhac SM, Buckingham ME, and Brown NA. 2004. Right ventricular myocardium 

derives from the anterior heart field. Circ. Res. 95:261-268. 


