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The recent success of treatment of congenital heart disease, which affects 0.7-1%

of all children, has led to a marked increase in the number of children with congenital

heart disease reaching adulthood. However, congenital heart disease is still the lead-

ing cause of death in children younger than one year and much research is still re-

quired to understand how these defects develop. Although environmental influences

have been reported, the major causes underlying congenital heart defects have to

be sought in genetic defects in genes necessary for heart development. Therefore,

insight into how congenital heart defects develop requires knowledge of the genes

and molecular processes involved in normal heart development. 

The heart is the first functional organ to form during embryogenesis. Beating

starts at 3 weeks of conception in humans, comparable with embryonic day 8.5 in

the mouse, when the embryo becomes dependent on a functioning blood circulation

for sufficient oxygenation and nutrition. At this stage, the heart is just a simple con-

tractile heart tube. This initial heart tube undergoes a series of processes in which it

elongates, loops, and forms chambers and septa, before it reaches the adult situation

of the four-chambered heart. The septa are formed to separate the four chambered

heart into two circulatory systems, a systemic and pulmonary circulation, the pul-

monary circulation only becoming functional after birth. Oxygen-low blood returning

from the systemic circulation of the body enters the right atrium through the superior

and inferior caval veins. From the right atrium it enters the right ventricle, which pumps

the blood through the pulmonary artery into the pulmonary circulation. After the blood

is re-oxygenized in the lungs it returns to the left atrium via the pulmonary vein. From

the left atrium the blood continues to the left ventricle and is returned to the body

through the aorta to supply the body with oxygen and nutrients (Figure 1).

11

Figure1. A, a ventral view on the inside of an adult human heart. The caval and pulmonary veins deliver the blood

to the heart, whereas the blood leaves the heart through the pulmonary arteries and aorta.  B, the dorsal view

shows the sinus venosus myocardium in blue and the pulmonary myocardium in yellow.
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In this thesis, we have focused on the development of the venous pole of the

heart, in particular on the connection of the systemic caval veins and pulmonary veins

to the atria (Figure 1). During the development of the heart both the systemic and

pulmonary venous entrances to the atria become surrounded by myocardium.

Sleeves of myocardium, called the sinus venosus myocardium, develop around the

entrances of the superior and inferior caval veins to the right atrium and around the

coronary sinus. This sinus venosus myocardium forms the smooth walled part of the

right atrium. Within the sinus venosus myocardium, the pacemaker of the heart, the

sinus node develops. The extent of formation of the myocardium surrounding the pul-

monary venous return is different in human and mouse. During human development,

the pulmonary vein starts with a single connection, but becomes incorporated along

with its myocardium into the roof of the left atrium, causing four pulmonary veins with

short myocardial sleeves to enter the left atrium. In mouse, in contrast, the pulmonary

vein will not be incorporated into the left atrium, and retains a solitary atrial orifice

with long myocardial sleeves.

The mechanisms of development of the venous myocardial structures, which

form relatively late during heart development, have remained poorly understood. In

contrast to the arterial side of the heart, the venous part has escaped most attention.

However, a substantial part of all congenital heart defects concerns the venous side

of the heart. Moreover, the venous myocardial structures are a frequent origin of ec-

topic electrical activity underlying atrial fibrillation, which is the most common cardiac

arrhythmia encountered in clinical practice. 

Opinions diverge on the definition of the sinus venosus and the extent of con-

tribution of its myocardium to the heart. The entrances of the caval veins and pul-

monary veins into the atria are located close to each other during development and

adult life. Therefore, both a similar or distinct developmental origin for the sinus veno-

sus and pulmonary myocardium have been proposed. The pulmonary myocardium

itself, in turn, has been suggested to develop either by outgrowth of the atrial my-

ocardium or by differentiation of the surrounding mesenchyme into myocardium. Fur-

thermore, the finding that the pulmonary myocardium is a frequent origin of atrial

fibrillation has created a longstanding debate on the presence of pacemaker cells in

the pulmonary myocardium. 

In this thesis we studied the development of the venous pole of the heart

using gene expression analysis and three dimensional reconstructions of the area.

The role of genes expressed at the venous pole was studied using knock-out em-

bryos and embryos with hypomorphic gene expression levels. We extended this ap-

proach with lineage analyses to determine both the origin and mechanisms of

development of the venous structures of the heart. Lineage analysis using the Cre-

loxP system enabled to irreversibly label cells in vivo and to follow these cells and

their daughter cells throughout time. The research in this thesis has made a contri-

The development of the venous pole of the heart
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bution to the understanding of the complicated mechanisms of development of the

venous pole of the heart and the development of defects in this area. 

The normal development of venous myocardial structures and the role of de-

velopmental aspects in the initiation of atrial fibrillation are outlined in the introduction,

Chapter 2. 

In Chapters 3, 4 and 5 the development of the sinus venosus myocardium is

described. In Chapter 3 we identify the location of the sinus venosus progenitors in

the cardiac mesoderm. Their spatial and genetic relation with the other cardiac pro-

genitors during development has been investigated. In Chapter 4 the development

of the sinus venosus myocardium is studied. The sinus venosus develops from a

Tbx18-positive, Nkx2-5-negative progenitor population. Absence of Tbx18 causes

defective formation of the sinus venosus. Chapter 5 continues on the development

of the sinus venosus, but focuses now on the development of the sinus node. We

describe a molecular pathway for the development of the sinus node with roles for

Nkx2-5, Tbx3 and Pitx2c. In Chapter 6, we concentrate on the development of the

myocardium surrounding the pulmonary vein. The pulmonary myocardium is shown

to have a biphasic mechanism of development, which is affected in Pitx2c mutants.

The level of Nkx2-5 expression is found to be crucial for the appearance of cells with

a pacemaker-like gene program in the pulmonary myocardium. Chapter 7 focuses

on the contribution of a cardiac progenitor population, which enters the heart through

the dorsal mesocardium on the right side of the pulmonary vein and contributes to

the atrioventricular septal complex. 

13
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Abstract 

The myocardial sleeves of the systemic venous tributaries and the pulmonary veins

are known to be common anatomic substrates for atrial fibrillation. Rapidly evolving

evidence has shown that a substantial part of the paroxysmal variant of this abnormal

rhythm has a familial heritage, and the number of genes found to be involved is in-

creasing. One of the mechanisms underlying the condition is ectopic pacemaking ac-

tivity. Knowledge of the normal embryological development of the atrial myocardium,

in particular the myocardial sleeves clothing the systemic venous tributaries and the

pulmonary veins at their junctions with the atrial chambers, may contribute to the un-

derstanding of the origins of such ectopic pacing. In this respect, it is now well estab-

lished that the myocardial sleeves of the systemic venous tributaries have a distinct

origin, and program of gene expression, when compared to the pulmonary venous

myocardium. The myocardium clothing the pulmonary veins, however, is particularly

susceptible to changes in the levels of gene expression, with the changes then

favouring the presence of genes responsible for pacemaking. Only recently has in-

terest developed in the genetic and heritable bases of atrial fibrillation, and much is

still to be learned. Better understanding of both the developmental and genetic fac-

tors, nonetheless, will surely be helpful in the diagnosis, prevention, and treatment

of this troublesome arrhythmia. With this in mind, therefore, we have reviewed the

current knowledge concerning the initial development of the pulmonary venous my-

ocardium, emphasising its crucial differences from the systemic venous myocardium.

17
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Introduction 

Atrial fibrillation is the most common cardiac arrhythmia encountered in clinical prac-

tice. Its prevalence increases with age, so that approximately 1% of the total popu-

lation, and one-tenth of those surviving to reach the age of 80 years, suffer from this

abnormal rhythm.1 In over nine-tenths of instances of the paroxysmal variant, the

anatomic substrate is found in the myocardial sleeves clothing the pulmonary veins,2

with the rhythm held to be due to either re-entry, triggered activity, or ectopic pace-

maker activity.3 Evidence is now accruing to show that genetic and congenital defects

are also involved in its development. Population-based studies have demonstrated

a significant heritable component, with studies of genetic association, genetic vari-

ants, or polymorphisms revealing a large number of associated genes.4 In this review,

we discuss the development of the pulmonary venous myocardium, emphasising that

the sleeves clothing the pulmonary, as opposed to the systemic venous tributaries,

have fundamentally different developmental heritages and patterns of gene expres-

sion.5-7 We believe that review of the relevant genetic and morphologic knowledge

concerning this early embryological development will help clinicians understand why

certain regions in the heart are the favoured sites for arrhythmogenesis. This, in turn,

should guide rational treatment of atrial arrhythmias.

The anatomy of the myocardium of the atrial chambers

and venous connections

The right and left atrial chambers have the same basic components, namely a body,

a venous component, a vestibule, and an appendage.8 The cavities are separated

by the septum, which is formed largely by the primary septum, representing the floor

of the oval fossa, and the so-called secondary septum, which is a superior infolding

of the atrial walls.9 Many consider the right atrial appendage to be but the tip of the

pectinated extension from the atrial cavity, but this is not the case in developmental

terms. The appendage forms the entirety of the anterior atrial wall (Figure 1A). This

part is readily distinguished from the remainder of the atrium by the pectinated nature

of its walls, with the terminal crest, or crista terminalis, marking the border with the

smooth-walled systemic venous component (Figure 1B). The myocardium of this ve-

nous component surrounds the orifices of the superior and inferior caval veins and

the coronary sinus, with sleeves of limited extent clothing the venous lumens at their

junctions with the atrium. The sinus node is located in this myocardium at the junction

of the superior caval vein with the right atrium. The vestibule of the right atrium, also

smooth-walled, inserts into the leaflets of the tricuspid valve at the atrioventricular

The development of the venous pole of the heart
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Figure1. The anatomy of the right atrium. Figure 1A  shows the external appearance of the right atrium. The terminal

groove, or sulcus terminalis, marks the junction between the systemic venous sinus and the extensive right atrial appen-

dage. The entirety of the anterior wall is part of the appendage, and not simply the tip of the triangular extension from the

atrial cavity. In Figure 1B, the interior of the atrium has been revealed by making a cut in the appendage parallel to the

atrioventricular groove, and reflecting the wall of the appendage upwards. It shows that the appendage is distinguished

from the remainder of the atrium on the basis of its ridged walls, the pectinate muscles.

Figure 2. The anatomy of the left atrium. Figure 2A shows the tubular nature of the left appendage. In Figure 2B, the

interior of the atrium is shown having reflected the pulmonary venous component, which forms the atrial roof. 

Chapter 2- Atrial fibrillation: a developmental point of view
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junction (Figure 1B). The pectinate muscles of the appendage extend all round the

parietal part of the vestibule. The body of the right atrium, the small space between

the leftward margin of the systemic venous sinus and the septum, has no discrete

anatomic boundaries in the postnatal heart. 

The left atrium, in contrast, has a significantly larger body. The appendage is much

smaller on the left side (Figure 2A), with pectinate muscles confined within its tubular

extent. The larger part of the left atrial cavity, therefore, is smooth-walled (Figure 2B).

The pulmonary venous component forms the atrial roof, typically with one vein en-

tering at each of the four corners, albeit that there are many variations in terms of

the arrangement of the venous orifices. Myocardial sleeves extend from the atrial

roof for short distances along the veins, being longer on the superior than the inferior

veins (Figure 3A).10 These sleeves are composed of working atrial myocardium, albeit

with intermingling myocytes arranged in circumferential and longitudinal fashion (Fig-

ure 3B, C).

Morphological and genetic knowledge concerning the

development of the atrial chambers 

The identity of the working atrial myocardium of the morphologically right as opposed

to the left atrium is established by the expression of genes responsible for left-right

asymmetry. Pitx2c is one of best-known of these genes.11 In absence of the functional

product of this gene, the heart develops two morphologically right appendages, along

with bilateral sinus nodes.12 Genes such as lefty1 and sonic hedgehog produce mid-

line barriers that, in the normal embryonic heart, prevent the spread of gene products

responsible for morphological leftness across the midline. Knocking out these genes

produces hearts with isomeric left appendages.11 The distinct atrial components also

have their own transcriptional profiles. These profiles distinguish the myocardium of

the appendages, the atrial septum including the body of the left atrium, the floor of

the systemic venous sinus, and the venous inlets.13 These profiles also confirm that

the appendage forms the entirety of the pectinated atrial wall. The myocardium of

the pulmonary venous component of the left atrium, including the venous sleeves, in

contrast, has a distinct phenotype that is more comparable to that of the atrial septum

and the body of the left atrium. The entirety of the walls between the left valve of the

systemic venous sinus and the left appendage, including the primary atrial septum

and pulmonary myocardium, is derived from the mediastinal myocardium (Figure

4A).13,14 These walls are characterized by the expression of the fast-conducting con-

nexin Cx40, and by the lack of expression of Nppa, which encodes atrial natriuretic

factor.15 Cx40 and Nppa, in contrast, are expressed in the entirety of the walls of both

The development of the venous pole of the heart
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atrial appendages.7 These atrial components also differ in terms of the properties of

their ionic currents.6 The establishment of this complicated atrial genetic make-up

can be understood only by establishing the mechanisms of early development. 

The basics of early cardiac development 

The heart starts as a simple contractile myocardial tube. Initially, this tube is com-

posed of slowly conducting myocytes, all possessing intrinsic pacemaker activity. In

the postnatal heart, this phenotype is retained in the myocytes of the sinus and atri-

oventricular nodes, which are poorly coupled, have a poorly developed sarcoplas-

matic reticulum, and few contractile elements (Figure 4B). It is only subsequent to

addition of cells at the poles of the heart tube, and dorsally through the so-called dor-

sal mesocardium,16 that it becomes possible to recognize the cardiac chambers.13

The chamber myocardium, when formed, has a fast-conducting working myocardial

phenotype. The myocardium at the venous pole, however, along with the region in-

terposed between the developing chambers, the atrioventricular canal, initially retains

the nodal-like phenotype (Figure 4B). Not all of this nodal-like myocardium eventually

forms the cardiac nodes, and the phenotype of the embryonic nodal-like myocardium

that will form the nodes will differentiate considerably during further development.17

Hence, it is better to describe this nodal-like myocardium as primary myocardium,

thus differentiating it from the chambers myocardium, which proliferates rapidly to

form the atrial appendages along with the apical ventricular components.13 The pri-

mary myocardium between these developing areas of chamber myocardium does

not increase much in volume during prenatal life, and as discussed, parts persist to

become the cardiac nodes.13

Most of the systemic venous myocardium, however, although initially having

a primary phenotype, becomes working atrial myocardium when assessed histolog-

ically. In morphologic terms, this embryological systemic venous sinus, or sinus veno-

sus, is made up of right and left myocardial sinus horns. The right horn eventually

becomes the proximal myocardial parts of the superior and inferior caval veins, along

with the floor of the systemic venous sinus. The left horn persists as the left-sided

superior caval vein in the mouse, but becomes the coronary sinus in the human.

21
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Figure 3. The structure of the pulmonary venous sinus. Figure 3A shows the roof of the left atrium, with each

of the four pulmonary veins entering a corner of the atrial roof. The epicardium has been removed to show the

alignment of the atrial myocytes, which extend to varying distances as sleeves along the pulmonary veins. The

numbers show the extent of these sleeves as shown by Ho and colleagues.9 Figure 3B shows the cross-sectional

extent of one of the sleeves, and Figure 3C shows that the walls are made up of working atrial myocytes, with no

evidence of histological specialisation. 
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Figure 4. The initial myocardium of the heart tube has pacemaker activity. Panel A is a reconstruction of the

atrial chambers of an E11.5 mouse heart with a dorsal and ventral view on the dorsal halves of the atria. The

different colors represent myocardial areas with distinct gene expression profiles. Panel B shows that the embryonic

myocytes in the early heart tube possess a phenotype typical for the conduction system, with a high automaticity

and a low conduction velocity, contractility and sarcoplasmic reticulum activity. The chambers balloon out from the

initial heart tube made up of slowly conducting myocytes and immediately initiate a fast conducting working myo-

cardial phenotype. The myocardium at the venous pole, and the region interposed between the developing cham-

bers, the atrioventricular canal, initially retains the conduction system phenotype and will form the cardiac conduction

system. 

Chapter 2- Atrial fibrillation: a developmental point of view
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The development of the sinus node

Even in the earliest stages, when the heart is no more than a simple tube, dominant

pacemaker activity is always found at the most proximal part of the venous pole.18

Expression of hyperpolarization-activated pacemaker channel Hcn4, which is re-

quired for the pacemaker activity in murine embryos,19 overlaps in the venous pole

with that of the cardiac transcription factor Nkx2-5. Nkx2-5, essential for formation of

the heart, is expressed in all atrial and ventricular myocytes, as well as in the atri-

oventricular conduction system.20 Although its expression initially overlaps with Hcn4

at the venous pole, new myocardium is added to the venous pole during development

that does not express Nkx2-5. This myocardium differentiates from Tbx18-expressing

precursor cells, which will give rise to the sinus horns21 and the sinus node.22 Con-

comitant with formation of this Nkx2-5-negative myocardium, expression of Hcn4 is

extinguished in the Nkx2-5-positive myocardium, becoming restricted to the newly

formed myocardium of the systemic venous sinus (Figure 5).12 The Nkx2-5-negative

walls of the sinus horns and sinus node have, from the outset, a genetic program

that is distinct from that of the atrial myocardium, with absence of expression of fast-

conduction atrial genes such as Cx40.12,15 In contrast, the systemic venous my-

ocardium specifically expresses Hcn4, the T-box transcription factor Tbx18,21 and the

short stature homeobox gene Shox2.23 During early development, the entire systemic

venous myocardium, including the sinus node, can act as the cardiac pacemaker.

During the fetal period, pacemaking activity, and expression of Hcn4, become re-

stricted to the developing sinus node, recognised by its expression of the T-box tran-

scription factor Tbx3.12,24 The remainder of the initially primary myocardium of the

systemic venous sinus then attains a working phenotype, with up-regulation of fast

conducting connexins.12 The early primary phenotype of this myocardium, including

the left horn, explains well the occurrence of ectopic atrial rhythms originating at the

mouth of the coronary sinus. 

The genetic program of the systemic venous sinus is

responsible for normal pacemaker function 

Nkx2-5 is required to establish the boundary between the working atrial myocardium

and the sinus node, preventing in dose-dependent manner the sinus nodal phenotype

invading the atrial walls.12 In Nkx2-5-deficient embryos, the entire heart tube retains

its primary phenotype, with ectopic expression of Hcn4 and Tbx3,12 and no activation

of fast-conduction connexins. Beating is then initiated from the embryonic ventricular

The development of the venous pole of the heart
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region, rather than from the venous inflow.25 Like the systemic venous sinus, the sinus

node is formed from Nkx2-5-negative precursors, and remains largely free of

Nkx2-5 expression.12 When Nkx2-5 levels are low, at approximately one-quarter of

normal levels, Hcn4- and Tbx3-expressing cells expand from the sinus node into the

atrium, suggesting that atrial cells bordering the sinus node have acquired (or main-

tained) an nodal phenotype.12 Over-expression of Tbx3 in the atrium results in ex-

pression of pacemaking genes, including Hnc4, in the atrial myocardium, with

down-regulation of the atrial genes responsible for fast conduction, causing arrhyth-

mias and ectopic atrial pacemaking. Absence of Tbx3, in contrast, causes expansion

of the atrial genetic program into the sinus node.24 Hcn4 strongly contributes to the

“funny” current If, which is important for the spontaneous activity of the cardiac pace-

maker cells.19 A strong funny current in atrial cells will normally be overruled by the

inward rectifier potassium current IK1, along with the dominant pacemaker current

of the sinus node. In a diseased heart, however, it is possible that atrial arrhythmias

will occur more readily. Ectopic expression of Nkx2-5 in the sinus node seems to re-

sult in bradycardia,23,26 suggesting deregulation of the genetic program controlling

sinus nodal function. Although sinus nodal dysfunction is typically due to acquired

diseases, dysfunction shows familial inheritance in a significant proportion of patients,

shown to have mutations in HCN4, SCN5A and ANK2.27 

The development of the myocardial sleeves surrounding

the pulmonary veins

Although ectopic foci in the atria and systemic venous sinus can produce atrial fibril-

lation, the more frequent origin is now well established as being within the pulmonary

venous myocardial sleeves.2 Initially during early development, the pulmonary veins

open to the left atrium through a solitary orifice, which is adjacent to the atrioventric-

ular junction.28 After the completion of atrial septation, the pulmonary vein tree (a

stem and usually four main branches) achieve their muscular sleeves (Figure 3B, C,

6). Thereafter, in human, the stem of the pulmonary myocardial tree is absorbed in

the atrial roof. Thereby, the orifices of the pulmonary venous branches become part

of the atrial roof, with one vein opening at each of the four corners.10

Some have suggested that the pulmonary venous myocardium is derived by

outgrowth from the atrial myocardium, but lineage analysis shows this to be very un-

likely.5 The pulmonary myocardium differentiates from the mesenchyme surrounding

the dorsal atrial wall, which proliferates to form the myocardial pulmonary venous

sleeves.5 This phase of rapid proliferation is not initiated in absence of Pitx2c, and
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Figure 5. The localization of pacemaker activity is controlled by Nkx2-5. Panel A shows a three dimensional

reconstruction of an E9.5 mouse embryo. The black box indicates the location of sectioning shown in Panel B. Pur-

ple, myocardium. Panel B shows in situ hybridization stained sister sections of an E9.5 mouse heart, with co-ex-

pression of cTnI (myocardium), Nkx2-5 and Hcn4 in the inflow tract. Sections of an E10.5 heart show expression

of Hcn4 selectively in the embryonic sinus venosus and of Nkx2-5 excluded from the sinus venosus (black arrow

heads indicate the sinus venosus myocardium). Hcn4 staining is used as indication of the location of pacemaker

activity. Figure with modifications from ref. 12. DM, dorsal mesocardium; IFT, inflow tract; (L/R)A, (left/right) atrium;

L/RV, left/right ventricle; (L/R)SH, (left/right) sinus horn; SV, sinus venosus. Bars represent 100 μm. 
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Figure 6. Reduced levels of Nkx2-5 cause a shift in the pulmonary myocardium to a pacemaker-like gene

program.  In situ hybridization stained serial sections of an E14.5 Nkx2-5IRESCre/+ control mouse embryo and a hy-

pomorphic Nkx2-5IRESCre/GFP littermate stained for cTnI (myocardium), Hcn4 and Cx40. Black arrow heads show the

expression of Hcn4 and absence of Cx40 in the sinus venosus and the absence of Hcn4 and presence of Cx40 in

the pulmonary vein myocardium. Red arrow heads show the switch of the pulmonary myocardium to Hcn4 expres-

sion and absence of Cx40 when Nkx2-5 levels are reduced. Figure with modifications from ref. 5. R/LCV, right/left

caval vein; PV, pulmonary vein. Bars represent 100 μm.

Chapter 2- Atrial fibrillation: a developmental point of view

2

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 27



the myocardial sleeves are shown to be lacking.5 Recently, sequence variants on

chromosome 4q25 have been found to be strongly associated with an increased risk

for atrial fibrillation. The gene closest to these variants, although separated by more

than 50 thousand base pares, is PITX2.29 Atrial fibrillation, even gene mutation-as-

sociated atrial fibrillation, of course, occurs long after the end of embryonic develop-

ment. The developmental factors by themselves, therefore, do not directly or solely

cause atrial fibrillation. The abnormal rhythm occurs most likely due to combination

of changes in the structural, contractile, and electrophysiological properties of the

myocardium, the likelihood of these changes to occur being influenced by the genetic

factors.

Ectopic foci: are there nodal cells in the pulmonary

venous myocardium?

As we have discussed, it is suggested by some that the pulmonary venous my-

ocardium has a common origin with the myocardium of the systemic venous sinus,30

but lineage data shows unequivocally that this is not the case. We have reviewed the

evidence showing that the progenitors of the systemic venous tributaries and the pul-

monary veins are located in different mesenchymal populations.5,21 From the outset

of their development, the systemic and pulmonary venous myocardial sleeves are

fundamentally different.15 The pulmonary myocardium has never been primary my-

ocardium, which forms the cardiac nodes. It has a working myocardial phenotype

from its initial formation. The notion of a common origin for the systemic and pul-

monary venous tributaries is based in part on the expression of markers associated

with the conduction system, such as HNK-1, CCS-lacZ, and podoplanin.30 Although

CCS-lacZ marks parts of the conduction system, it is also expressed outside the con-

duction system, notably in atrial working myocardium, whereas it is absent from the

sinus node.31 Its presence in the pulmonary venous myocardium, therefore, cannot

be taken as evidence that the myocardial sleeves are part of the conduction system. 

It is most unlikely, therefore, that, under normal conditions, pacemaker cells are pres-

ent in the pulmonary myocardium. Histological examination of the normal pulmonary

venous sleeves in the human heart shows the presence only of working atrial my-

ocytes (Figure 3B,C).10 Ectopic beats arising in the pulmonary venous myocardium,

nonetheless, are known to be frequent. Some have suggested the existence of pace-

maker-like cells within the sleeves,32 but others have not confirmed these findings,7,10

and the purported pacemaker-like cells are markedly different morphologically from

the cells of sinus node. More recent findings33 suggest that acquired changes in the

The development of the venous pole of the heart

28

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 28



working myocytes could underscore the ectopic pacemaking. Recently, moreover,

embryological data has shown that the pulmonary venous myocardium is relatively

sensitive for changes in gene expression. Under normal conditions, the myocardium

has an atrial-like gene program, and expresses Cx40, with expression of Hcn4 ex-

pression being low or absent. In contrast, when Nkx2-5 expression is strongly re-

duced, the pulmonary venous myocardial phenotype shifts to become more

pacemaker-like, then expressing Hcn4, but with a reduced expression of Cx40 (Fig-

ure 6).5 Mutations in human NKX2-5 have also been suggested to be linked to atrial

fibrillation.34 Although PITX2 and NKX2-5 are good candidate genes, the correlation

of the developmental roles of these genes with the initiation of atrial fibrillation still

has to be proven. Taken together, nonetheless, these findings suggest that small ge-

netic variations in humans could be the trigger for the origin of atrial fibrillation. This

fits well with the finding that strong individual variability is present in humans in the

extent of the pulmonary venous myocardial sleeves, and in the known clinical sus-

ceptibility to atrial fibrillation.
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Abstract

Aims: The venous pole is a complex part of the heart, often involved in congenital

heart defects. During development, it receives contributions from second heart field

and from Tbx18+ progenitors. To elucidate these distinct contributions, we investi-

gated the origin of the Tbx18+ sinus venosus progenitor population in the cardiogenic

mesoderm and its spatial and temporal relation to the second heart field during heart

development. 

Methods and results: GFP+ mesenchyme derived from Tbx18+/GFP embryos was cul-

tured to demonstrate its potential to form Nkx2-5- sinus venosus myocardium. DiI-la-

beling and short term lineage analysis using a mutG5/hsp68/lacZ line indicated that

the sinus venosus progenitor population is localized lateral and caudal in the splanch-

nic mesoderm, opposite from the medially located second heart field. The early

splanchnic mesoderm initially broadly expressed Nkx2-5 and second heart field

marker Isl1, but subsequently became partitioned into an Nkx2-5+ Isl1- myocardial

subpopulation (cardiac crescent), an Isl1+ second heart field subpopulation, and a

lateral Nkx2-5- Isl1- subpopulation, corresponding to the sinus venosus progenitors.

3D reconstructions of the myocardium, the Isl1+ domain and the Tbx18+ domain of

hearts between E8.5-10.5 showed the relocation of the sinus venosus progenitor

population and the second heart field during folding of the embryo. The two popula-

tions remained separate, except for a small overlapping Isl1+ Tbx18+ area at the

right lateral side of the inflow tract, which indicates the location of initiation of sinus

node development.

Conclusion(s): Our data indicate that in addition to the first and second heart fields,

the cardiac mesoderm contains an additional progenitor population, which contributes

to the sinus venosus myocardium. After patterning of the mesoderm, this sinus veno-

sus progenitor population remains spatially separated from the second heart field

population during development. 
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Introduction

The initial vertebrate embryonic heart tube is formed when the two bilateral cardio-

genic mesodermal regions in the splanchnic mesoderm, called the first heart field,

differentiate into myocardium and fuse at the midline.1 After initial heart tube forma-

tion, the heart tube elongates by addition of Isl1+ Nkx2-5+ second heart field cells

not only to the anterior pole 2,3 and dorsal mesocardium,4 but also to the venous

pole.5-9 Only recently, the posterior (caudal) region of the murine8 and chicken7 sec-

ond heart field that contributes to the atria and inflow tract has been mapped. How-

ever, although Isl1+ Nkx2-5+ second heart field cells provide a large contribution to

the myocardium of the inflow tract, this myocardium is taken up into the atrium by

embryonic day (E) 9.5. From E9.5 onwards, the sinus venosus myocardium differen-

tiates at the inflow tract that is marked by the expression of T-box transcription factor

Tbx18 and the absence of Nkx2-5 expression.10 This sinus venosus myocardium dif-

ferentiates around the connection of the cardinal veins to the atrium, and will form

the right and left myocardial sinus horn, including the venous part of the venous

valves, during fetal life.10 In adults, most of the right sinus horn myocardium is incor-

porated into the right atrium. In humans, the left sinus horn will lose its connection to

the body and form the coronary sinus, whereas in mouse it will persist as the my-

ocardium surrounding the left superior caval vein. The sinus venosus is an important

part of the heart as it constitutes the sinus node11 and its derivatives are a common

focus for atrial arrhythmias.12 Furthermore, the sinus venosus myocardium is often

involved in congenital malformations.13,14

To gain insight into the molecular and developmental processes involved in

sinus venosus myocardium formation, we identified the location of the sinus venosus

progenitors and their relation with the second heart field, from the onset of their for-

mation in the lateral plate mesoderm until the development of the sinus venosus my-

ocardium.

Methods

Mice

For the Tbx18tm2Akis (Tbx18GFP) transgenic mouse line, the IRES.lacZ knock-in con-

struct was modified to harbor an EGFP cassette in the start codon.15,16 The

mutG5/hsp68/lacZ transgenic line was made as follows. Nucleotides 295-300 of the

868-bp GATA5 F-fragment17 were replaced with a KpnI site (i.e. TTAACA was mutated

to GGTACC) and this fragment was inserted upstream of the promoter in the
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hsp68/lacZ plasmid.18 The isolated mutG5/hsp68/lacZ reporter cassette was used

make a transgenic line. Embryonic age was determined according to the vaginal plug,

with noon of the day on which the plug was first observed being taken as embryonic

day (E) 0.5. Embryos and fetuses were dissected in PBS, fixed in 4% paraformalde-

hyde overnight and embedded in paraffin. Amnion or tail biopsy genomic DNA was

used for PCR assays to detect the lacZ or Gfp transgenes. Animal experiments were

performed in agreement with national and institutional guidelines.

DiI-labeling 

Embryos ranging from the 4 to 7-somite stages were injected with DiI and DiR (mol-

eclar Probes) and cultured for 24 to 48 hours as described.8 

Embryonic explant cultures

For the explant cultures lateral parts of the Gfp+ mesenchyme and control ventricle

of E9.5 Tbx18+/GFP heterozygous embryos were micro-dissected. Immediately after

micro-dissection was checked if the explant was beating. Beating Gfp+ tissue and

not beating ventricles were excluded from the experiment. Immediately 4%

paraformaldehyde fixed control tissue was was washed in PBS and checked for the

presence of myocardium by fluorescent immunohistochemistry. Explants were cul-

tured as previously described.19 After incubation for 96 hours, each sample was

washed in PBS, followed by fixation in 4% paraformaldehyde in PBS, and three PBS

rinses, before staining by fluorescent immunohistochemistry. 

Non-radioactive in situ hybridization 

Non-radioactive in situ hybridization of 12 μm embryo sections was performed as de-

scribed.20 The probe for Isl115 was kindly provided by S. Evans (Skaggs School of

Pharmacy, University of California, San Diego). Other probes have been described

previously.21,22

Fluorescent immunohistochemistry

Paraffin sections of 7 μm were pressure cooked for 3 minutes in Antigen unmasking

solution (H-3300, Vector Laboratories Inc) after deparaffination and rehydration. After

cooling down, the sections were processed according to the TSA tertramethylrho-

damine system protocol (NEL702001KT, Perkin Elmer LAS). For double staining with

two primary antibodies from different species, a fluorescent secondary antibody was

added during the biotinylated secondary antibody or streptavidine-HRP step of the

TSA protocol. The following primary antibodies were used: goat polyclonal against

Tbx18 (1:250, C-20 Santa Cruz), Tbx3 (1:250, E-20 Santa Cruz), Isl1 (1:250, neu-

romics), rabbit polyclonal antibodies against Nkx2-5 (1:250, H-114 Santa Cruz), cTnI

39

Chapter 3 - The origin of the sinus venosus

3

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 39



(1:1000, Hytest Ltd), Hcn4 (1:250, Chemicon), and monoclonal antibodies against

MF20 (1:50, Hybridoma bank, Iowa City, IA, USA). Fluorescent secondary antibodies

used were Alexa 488 goat anti-rabbit and goat anti-mouse (1:250, Molecular Probes).

Nuclei were counterstained with TOPRO, SYTOX green or SYTOX orange nucleic

acid stain (Molecular Probes).

3D-reconstructions

Three-dimensional visualization and geometry reconstruction of patterns of gene ex-

pression determined by in situ hybridization or immunohistochemistry were carried

out as described previously.23 Files with reconstructions are available upon request.

Results

Tbx18-positive mesenchymal explants can form sinus venosus myocardium.

The sinus venosus myocardium forms from a Tbx18+ mesenchymal population ven-

tral caudal of the heart tube.10 To provide evidence that the Tbx18+ mesenchyme is

able to form the sinus venosus myocardium, we made explant cultures of the GFP+

mesenchyme of Tbx18+/GFP embryos. GFP+ cells were isolated from the lateral side

of the inflow tract of E9.5 embryos, thereby excluding the pro-epicardium (Figure 1A).

The left ventricle was taken as control tissue. Immunohistochemistry on freshly iso-

lated GFP+ tissue showed that 77% of the isolations (n=31) were free from contam-

ination with myocardium (Figure 1B). 23% showed contamination of sparse

myocardial cells at the borders. After 96 hours of culturing, 93% of the GFP+ explants

(n=31) showed expression of myocardial marker MF20 (Figure 1C), whereas 50% of

the explants was beating. Both the right and left side showed myocardial potential.

Furthermore, 85% of the newly formed myocardium was negative for Nkx2-5 (n=13)

(Figure 1C), which is the typical feature of sinus venosus myocardium.24 Therefore,

we conclude that the Tbx18+ mesenchyme is a cardiac progenitor population that

has the potential to differentiate into sinus venosus myocardium. 

The sinus venosus originates in the caudal lateral part of the cardiac crescent.

The late onset of Tbx18 expression22 limits its usefulness as a marker to answer the

question where the progenitors of the sinus venosus are located at earlier stages

prior to heart tube formation. We used a transgenic mouse line in which a mutated

Gata5 enhancer drives expression of LacZ that is active specifically at the ventral

side of the inflow tract, where the sinus venosus progenitors reside, and in the first

proepicardial cells at E9.0 (Figure 2A). Tracing its expression back in development
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to E7.5, β-galactosidase expression was visible in the lateral plate mesoderm (Figure

2B). Interestingly, cross-sections through the LacZ+ area at E7.5 showed that the ex-

pression of LacZ was restricted to the mesodermal cells at the lateral-most edge of

the lateral plate mesoderm, where it borders with the yolk sac (Figure 2C). Although

these data do not provide direct lineage proof, due to the relative stability of ß-galac-

tosidase, these results indicate a relation between the lateral-most side of the lateral

plate mesoderm and the ventral part of the inflow tract. 

To confirm the lineage relationship between the cells lateral of the cardiac

crescent and the ventral side of the inflow tract, we performed fluorescent cell tracing

experiments. Labels were placed on the caudal lateral rims of the cardiac mesoderm

in embryos ranging from E7.5-8.0, on both the right (DiR) and left (DiI) side (Figure

2D). These lateral rims are the location of initiation of Tbx18 expression (Figure 2D).22

The embryos were then cultured for one to two days. In all properly developed em-

bryos (n=14), labels in the caudal lateral region of the cardiac mesoderm were found

in the ventral side of the inflow tract (Figure 2D and see Figure 4 for a better view of

the corresponding Tbx18+ region). Labels placed at the right side of the cardiac

mesoderm were found to contribute to the right side and labels placed on the left side

contributed to the left side of the ventral inflow tract (Figure 2D). These results confirm

that the cells from the caudal lateral part of the cardiac crescent contribute to the

Tbx18+ ventral side of the inflow tract.

Progressive partitioning of the splanchnic mesoderm into heart fields

To assess the location of the sinus venosus progenitors relative to the heart fields,

we examined the early expression patterns of second heart field marker Isl1 and first

and second heart field marker Nkx2-5 in the lateral plate mesoderm. At E7.0, before

the first cardiomyocytes differentiate from the splanchnic mesoderm, the complete

lateral plate mesoderm expressed Isl1 (Figure 3A).25 The expression of Isl1 in the

lateral plate mesoderm was found from most cranial to most caudal and further into

the allantois (Figure 3A). In the cranial half of the embryo, Isl1 and Nkx2-5 showed

overlapping expression in the medial and lateral cells of the lateral plate mesoderm.

(Figure 3A). This broad expression pattern indicates that these markers are active in

all putative heart fields. At E7.5, the lateral plate mesoderm has formed a splanchnic

and somatic layer and the first MF20+ myocardial cells (“first heart field-derived”)

could be observed in the splanchnic mesoderm (Figure 3B). Nkx2-5 expression was

down-regulated in the somatic mesoderm, but was maintained in the new my-

ocardium and in the splanchnic mesoderm just medial of the myocardium, now rec-

ognizable as the second heart field. Isl1 expression, on the other hand, was

disappearing from the myocardium, but was maintained in a broader area than Nkx2-

5 in the second heart field mesoderm (Figure 3B) and extended into the paraxial
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Figure 1. Tbx18+ mesenchyme differentiates into Nkx2-5- myocardium. A, Whole mount E9.5 embryo stained

for Tbx18 mRNA. The dotted areas indicate the regions used for explant culture. B, Tbx18+/GFP mesenchyme and

control ventricle scanned at day 0 for Gfp and stained for MF20 and SYTOX orange, showing that the Tbx18+/GFP

mesenchyme is negative for MF20. B, Tbx18+/GFP myocardium and control ventricle after 96 hours of culturing, stai-

ned for Nkx2-5, MF20 and SYTOX orange. The Tbx18+/GFP mesenchyme has differentiated into Nkx2-5- myocardium.

A, atrium; EV, embryonic ventricle; OFT, outflow tract; PE, proepicardium; mes, mesenchyme; myo, myocardium.
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Figure 2. Lineage relationship between the cells of the lateral caudal rim of the cardiogenic mesoderm and

the ventral caudal side of the heart tube A, transversal section of an E9.0 mutG5/hsp68/LacZ embryo stained

for β-galactosidase. β-galactosidase staining is observed at the ventral side of the venous pole, including the proe-

picardium. B, E7.5 mutG5/hsp68/LacZ embryos stained for β-galactosidase, showing staining in the lateral plate

mesoderm. C, transverse section of embryo in B, revealing that the staining observed in B is located at the most

lateral side of the splanchnic mesoderm (arrowhead). D, three embryos labeled with DiR (right) and DiI (left) at

E7.5-E8.0 and after culturing at E9.5. Arrowheads indicate the location of the labels. Labeling of the lateral side of

the caudal cardiac crescent can be found at the ventral side of the venous pole at E9.5. I/OFT, in/outflow tract L/RV,

left/right ventricle; NF, neural ford; SPM, splanchnic mesoderm.
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mesoderm shown to contribute to the head musculature.26 At the lateral border of the

myocardium, where we mapped the sinus venosus progenitors, the mesodermal cells

now lacked expression of both Nkx2-5 and Isl1 (Figure 3B). Between E7.5 and E8.5

the embryo folds, and the cranial Isl1 expressing area became relocated dorsal of

the forming heart tube (Figure 3C). Caudal of the heart tube, in the ‘legs’ of the

splanchnic mesoderm, the pattern as seen at E7.5, with an Nkx2-5+ Isl1+ expression

domain medial and Nkx2-5- Isl1- mesoderm on the lateral border, was maintained

(Figure 3C). In conclusion, after the initial co-expression of Isl1 and Nkx2-5 in most

of the cranial lateral plate mesoderm, the splanchnic mesoderm becomes from medial

to lateral partitioned into Nkx2-5- Isl1+, Nkx2-5+ Isl1+ and Nkx2-5- Isl1- subpopula-

tions. The Nkx2-5+ Isl1+ subpopulation, the first heart field, is the first subdomain to

differentiate into myocardium and to down-regulate Isl1 (Figure 3D, region 1). The

medial of the first heart field located second heart field, remains completely positive

for Isl1 until differentiation into myocardium. This region differentiates into my-

ocardium only after the differentiation of the first heart field and starts to express

Nkx2-5 only just prior to its differentiation (Figure 3D, region 2). The lateral-most

Nkx2-5- Isl1- subpopulation correlates to the late differentiating sinus venosus pro-

genitor population (Figure 3D, region 3). 

Separation of the Isl1+ and Tbx18+ populations is maintained during

development.

To gain further insight into the properties of the sinus venosus progenitor population

during cardiac morphogenesis, we made three-dimensional reconstructions of em-

bryonic mouse hearts ranging from E8.5, just after initiation of Tbx18 expression and

before formation of the sinus venosus, to E10.5, when the sinus venosus has started

to form (Figure 4). At E8.5, when the heart has started to loop, the myocardium (grey)

is completely surrounded by Isl1+ mesenchyme (yellow). Strong Tbx18 expression

(blue), which is initiated around E8.25,22 can be observed at E8.5 at the ventral and

lateral side of the inflow tract (Figure 4B). A rim of Isl1 expressing cells is located be-

tween the myocardium of the ventral side of the inflow tract and the Tbx18+ mes-

enchymal population. 

One day later, at E9.5, the heart has looped and the chambers have differentiated

(Figure 4A,B). The Isl1+ population is completely lining the myocardial border at the

medial and dorsal side of the heart, in continuity with the outflow tract, the dorsal

mesocardium including the dorsal mesenchymal protrusion and the developing pul-

monary vein, and the atria. However, at the ventral side of the inflow tract the Tbx18+

population now lines the myocardium in a horseshoe-like shape, with the Isl1+ pop-

ulation located in the centre of the horseshoe (Figure 4B). At the ventral side of the

horseshoe, Tbx18 is expressed in the pro-epicardium, whereas at the lateral sides
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the Tbx18+ population surrounds the common cardinal veins at their entrance to the

heart (Figure 4A). Until this stage, expression of Tbx18 is confined to the mes-

enchyme, as the sinus venosus myocardium has not yet developed. At E10.5, the

formation of the sinus venosus myocardium has been initiated and Tbx18 is now ex-

pressed in both the mesenchyme (blue) and the sinus venosus myocardium (green)

(Figure 4B). A stripe of Tbx18+ mesenchyme can be found lining the coelomic cavity,

medial of the forming urogenital ridge (Figure 4B). In conclusion, the sinus venosus

progenitors become located ventral caudal of the heart tube after folding of the em-

bryo. Visualization of the sinus venosus and second heart field expression domains

shows that these populations remain separated during heart formation. 

Sinus node development is initiated in the presence of both Tbx18 and Isl1.

Although the Tbx18+ and Isl1+ populations are physically separated and represent

two distinct pools of progenitor cells, we found a small area of overlapping expression

(Figure 4B). At the lateral-most sides of the inflow tract, Tbx18+ cells have a small

overlap (purple) with the Isl1+ cells at E8.5 (Figure 4B). After E8.5, the Tbx18 and

Isl1 co-expressing area becomes restricted to the right lateral side. Immunohisto-

chemistry showed that as soon as the sinus venosus myocardium starts to develop

around E9.5, a small Isl1+ area is visible in this myocardium (Figure 5A). One day

later the Tbx18/Isl1 co-expressing area correlates with the just-developing

Tbx3+/Nkx2-5- sinus node (Figure 5B,C,D), which was previously shown to express

Isl1.27 Further differentiation of the sinus horn myocardium occurs in absence of Isl1
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Figure 3. Progressive partitioning of the splanchnic mesoderm into heart fields. A-C, schematic representa-

tions of the cardiac mesoderm and the myocardium of E7.0 (A), E7.5 (B) and E8.0 (C) embryos. The level of sec-

tioning is shown, apostrophes indicate the corresponding sections. The transverse sections are stained with

immunohistochemistry for Nkx2-5, Isl1, MF20 and TOPRO. A, at E7.0 Nkx2-5 and Isl1 are expressed in both the

splanchnic and somatic mesoderm (white arrowheads). Red arrowheads indicate the slightly more medial Isl1 ex-

pression, compared to Nxk2-5 expression. Grey arrowheads indicate Isl1 expression in the endoderm. 3D recon-

structions of the Isl1 and Nkx2-5 expression area show that Isl1 is expressed in the complete lateral plate mesoderm

continuing into the allantois. Nkx2-5 is expressed in a cranial subset. B, at E7.5 MF20+ myocardium has formed.

Medial of the Nkx2-5+ myocardium the Isl1+ Nkx2-5+ second heart field is located. The lateral-most mesoderm is

Nkx2-5- Isl1- (white arrowhead). Red arrowhead indicates the more medial Isl1 expression compared with Nkx2-5

expression. C, at E8.5 Isl1 becomes located dorsal of the heart tube cranially (red arrowheads). Caudally Isl1 ex-

pression remains located medial, and the Nkx2-5- Isl1- mesoderm lateral (white arrowheads). Grey arrowheads

indicate Isl1 expression in the endoderm. D, schematic representation of the location of the distinct progenitor po-

pulations in the splanchnic mesoderm and the expression in time of Isl1, Nkx2-5 and MF20 in these populations.

AL, allantois; END, endoderm; ECT, ectoderm.

Chapter 3 - The origin of the sinus venosus

3

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 45



The development of the venous pole of the heart

46

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 46



47

Figure 4. The Tbx18+ progenitor population is located in a horseshoe-like shape around the Isl1+ second

heart field population. A, three dimensional reconstruction of a complete E9.5 embryo and of its heart with only

the Tbx18+ domain (upper reconstruction) or the Isl1+ domain (lower reconstruction). B, reconstructions of the

hearts of E8.5, E9.5 and E10.5 embryos shown from the left and caudal side, indicting that the Tbx18+ and Isl1+

domains remain separated during development, except for a small overlapping area. EV, embryonic ventricle; CCV,

common cardinal vein; LA, left atrium; L/RV, left/right ventricle; OFT, outflow tract; RV, right ventricle.
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(Figure 5E). Thus, the Tbx18+ and Isl1+ cell populations contribute to two spatially

separated parts of the heart, except for the lateral-most border of these domains,

which show overlapping expression. The right-sided domain will form the sinus node 

of the heart. 

Discussion

In this study we identified and mapped the sinus venosus progenitor population and

provide insight into the distinct contributions of progenitor cells to the venous pole of

the heart. Our data indicate that the sinus venosus myocardium forms from a cardiac

progenitor population located lateral and caudal in the cardiac mesoderm (Figure 6).

This population is spatially distinct from the second heart field progenitor population,

which is located medial in the cardiogenic mesoderm. With the folding of the embryo

the sinus venosus progenitor population is translocated to a position ventral and cau-

dal of the heart tube, where it will form the myocardium of the sinus venosus (Figure

6). The sinus venosus progenitor population can be distinguished from the first and

second heart field by the loss of expression of Isl1 and Nkx2-5 more than a day before

its differentiation into myocardium.        

The lateral-most region of the caudal cardiac splanchnic mesoderm contributes to

the sinus venosus

The splanchnic mesoderm contains all the progenitors of the heart. The current view

is that the first mesoderm to differentiate into myocardium is the “first heart field”,

which forms the cardiac crescent and subsequently the primary heart tube. The

mesodermal cells medial to these cells are called the “second heart field”, which will

contribute cells to the arterial and venous pole and dorsal mesocardium of the initial

heart tube.3,28 Recent proliferation analysis has indicated that a single, bilateral growth

center in the Isl1+ domain contributes cells to both poles of the heart during the period

in which both the first and the second heart fields contribute myocardium to the heart,

indicating the existence of a single cardiac progenitor pool that contributes to the

complete heart.9 Initially, Isl1 and Nkx2-5 are co-expressed in the cardiac mesodermal

cells (Figure 3).7,25,29 Only at subsequent stages, the splanchnic mesoderm becomes

partitioned into subpopulations, corresponding to the first heart field, second heart

field, and sinus venosus progenitor populations. These subpopulations can be divided

further into subdomains when taking into account other gene expression domains.

The division into a cranial and caudal part, for example, is thought to be established

by reduction of Fgf8 expression due to retinoic acid signaling.30,31 Taken together,
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Figure 5. The sinus node develops in the presence of both Tbx18 and Isl1. Sagital serial sections of an E9.5

(A), E10,5 (B), E11.5 (E) and transverse serial sections of an E11.5 (D) embryo stained for Tbx18, Isl1, Nkx2-5,

Tbx3 and cTnI protein. A, at E9.5 a small area of Isl1 expression is visible in the first Nkx2-5- myocardial cells

(dotted region). Note that the pulmonary vein develops in the Tbx18- Nkx2-5- Isl1+ Tbx3+ pulmonary mesenchyme.

B, at E10.5 the Nkx2-5- sinus venosus myocardium is positive for Isl1 and Tbx3 at the right side. C, 3D reconstruction

of the myocardium and Tbx18+ and Isl1+ domains of an E10.5 embryo, showing the overlapping area of Tbx18

and Isl1 expression on the right side. D, transverse serial sections an E11.5 indicating that the Tbx18+ Isl1+ cTnI+

area overlaps with the Tbx3+ sinus node. E, at E11.5 the sinus venosus continues to differentiate from Isl1- me-

senchyme (arrowhead). (R)A, (right) atrium; L, liver; OFT, outflow tract; PE, proepicardium; PV, pulmonary vein;

RCV, right caval vein; SAN, sinus node; SV, sinus venosus.
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these data indicate that the complete heart is formed from a single progenitor popu-

lation in the splanchnic mesoderm that becomes partitioned into distinguishable sub-

domains that contribute to distinct parts of the heart. 

Early lineage tracing experiments in chick already indicated the relation of

the caudal lateral part of the splanchnic mesoderm with the ventral caudal side of the

heart tube.1 Also Recent DiI labeling in mouse and chicken has shown that the atrial

progenitors are located most caudal in the second heart field.7-9 However, these stud-

ies did not map the progenitors of the sinus venosus, because the sinus venosus will

only form after the stages analyzed in these studies.10 Using both short term lineage

analysis and DiI-labeling we now show that also the sinus venosus has its origin in

the most lateral rim of the caudal cardiac mesoderm. Although the mutG5/hsp68/LacZ

embryos show LacZ expression in the lateral rim of the complete cardiac crescent,

the cranial part of this rim is thought to be the region of fusion of the cardiac meso-

derm to form the ventral heart tube.1,7 The mutG5/hsp68/LacZ results also indicate

that the sinus venosus shares its origin with the proepicardium, which will give rise

to the epicardium, coronary vessels and fibroblasts.32 The proepicardium, in turn, is

thought to share its origin with the septum transversum, which will eventually form

the diaphragm located immediately caudal to the heart.33 Our findings are consistent

with tracing experiments and Mrg1 (Cited2) expression analysis that indicated lineage

relation between the lateral rim of the splanchnic mesoderm shortly after gastrulation

and the septum transversum after folding of the embryo.34-36

The sinus venosus precursors are distinguished from the first and second heart

fields by their early loss of Isl1 and Nkx2-5 expression

Previous lineage data suggested that the sinus venosus myocardium is the sole part

of the myocardium derived from Nkx2-5-negative cells.10 However, the initial expres-

sion of Isl1 and Nkx2-5 in both the splanchnic and somatic mesoderm (Figure 5)25

suggests that also the sinus venosus myocardium has a history positive for Nkx2-5

and Isl1. A stronger reporter line, like the Gata4flap 37 line, would probably show the

positive history for Nkx2-5 and Isl1 expression of the sinus venosus myocardium.

These results suggest that early in development the heart fields are indistinguishable

using these markers, suggesting that patterning of the cardiac progenitor population

into heart fields occurs later. Further, these data indicate the limitations of Isl1 and

Nkx2-5 and of the respective Cre lines to distinguish heart field contributions to the

heart.

In contrast, the actual expression pattern of these genes does allow to asses

the locations of the populations of cells that will contribute to the distinct parts of the

heart. We found that Isl1 and Nkx2-5 are expressed in the sinus venosus progenitors
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only transiently very early in development. The sinus venosus progenitors lose

Nkx2-5 and Isl1 expression long before their differentiation into the sinus venosus

myocardium. This early loss of Nkx2-5 and Isl1 distinguishes the sinus venosus pro-

genitors from the first and second heart field progenitors, that only turn off Isl1 after

the initiation of differentiation into myocardium, and that never turn off Nkx2-5. The

sinus node, however, maintains Isl1 expression. Furthermore, the sinus node re-

ceives a contribution of cells from an area of overlap between the Tbx18+ sinus veno-

sus progenitors and the Isl1+ second heart field progenitors, raising the possibility

that this co-expression could be crucial for sinus node development.

The mechanism of sinus venosus formation is highly conserved, as in

Drosophila a similar mechanism is described for the formation of the ostia, the equiv-

alent of the murine sinus venosus.38 Also the expression pattern of Tbx18 in the sinus

venosus is found to be conserved from zebrafish39 and Xenopus,40 to chick 41 and

mouse.22

Insight into the origin of the distinct parts of the venous return may help to

understand congenital malformations 

The sinus venosus is involved in congenital heart defects and is an origin for ectopic

foci underlying atrial fibrillation.12,13 Knowledge of the origin of the distinct cardiac

progenitor cells, their spatial relation during development, and their contribution to

distinct parts of the heart, will be helpful in understanding how congenital malforma-

tions develop. For example, the sinus venosus myocardium is long thought to have

a common origin with the myocardium around the pulmonary vein. However, in con-

trast to the sinus venosus, the pulmonary myocardium develops in the Nkx2-5+ Isl1+

dorsal mesocardium,42 which has its origin in the medial cardiac crescent. Therefore,

development of defects involving both structures is not likely to have its origin in a

common progenitor pool, but in genetic and morphological defects. 

Defects in sinus venosus myocardium and sinus node development manifest

only after E9.5 and are found in Tbx18 and Shox2 mutants.10,43 Tbx18 mutants show

a reduced and delayed development of the sinus venosus myocardium,10 with loss

of the sinus node head.16 In absence of Shox2 the sinus venosus myocardium is

nearly absent and the sinus venosus gene program is lost, with ectopic expression

of Nkx2-5 in the remnant of the sinus venosus.43,44 Absence of Shox2 results in brady-

cardia. The absence of Nkx2-5 from the sinus venosus and sinus node and its pres-

ence in the atrial myocardium is likely to be important for normal pacemaker function

and the localization of pacemaker activity to the sinus venosus myocardium.24,42,44,45 
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Figure 6. Fate map of the cardiac mesoderm. Schematic representation showing the fate map of the cardiac

mesoderm. The sinus venosus progenitor population becomes relocated from caudal lateral in the splanchnic me-

soderm, to ventral caudal of the heart tube. The dotted line indicates the level of sectioning. A, atrium; AIP, anterior

intestinal portal; CCV, common cardinal vein; EV, embryonic ventricle; HT, heart tube; OFT, outflow tract; VEN,

ventral; DOR, dorsal; CRA, cranial; CAU, caudal: L, left; R, right.
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Abstract

The venous pole of the mammalian heart is a structurally and electrically complex

region, yet the lineage and molecular mechanisms underlying its formation have re-

mained largely unexplored. In contrast to classical studies that attribute the origin of

the myocardial sinus horns to the embryonic venous pole, we find that the sinus horns

form only after heart looping by differentiation of mesenchymal cells of the septum

transversum region into myocardium. The myocardial sinus horns and their mesen-

chymal precursor cells never express Nkx2-5, a trancription factor critical for heart

development. In addition, lineage studies show that the sinus horns do not derive

from cells previously positive for Nkx2-5. In contrast, the sinus horns express the

T-box transcription factor gene Tbx18. Mice deficient for Tbx18 fail to form sinus horns

from the pericardial mesenchyme and have defective caval veins, whereas the pul-

monary vein and atrial structures are unaffected. Our studies define a novel heart

precursor population that contributes exclusively to the myocardium surrounding the

sinus horns or systemic venous tributaries of the developing heart, which are a source

of congenital malformation and cardiac arrhythmias.
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Introduction

The systemic venous return of the heart consists of multiple anatomical components

including the proximal myocardial part of the right superior and inferior caval veins,

the coronary sinus (the persisting left caval vein in the mouse), and the sinus ve-

narum. These structures are thought to be the mature counterparts of the right and

left sinus horns in the embryo, which are the myocardial parts of the common cardinal

veins upstream of the venous valves that bulge into the pericardial cavity. These, in

turn, are presumed to derive from the embryonic venous pole or inflow tract of the

forming heart and the common cardinal veins.1,2 Developmental disorders of the

heart, which include malformations of the pulmonary and systemic venous returns,3,4

represent the most common human birth defects.5,6 In addition, several specific com-

ponents of the venous returns are found to be the origin of arrhythmias.7-9 Recent

3D reconstruction and genetic analyses have greatly improved our insight into the

morphogenesis of the systemic and pulmonary venous returns.2,3,10 Nevertheless,

the cellular origin of the components of the systemic and pulmonary venous return

and the genetic mechanisms underlying their formation are not known.

The embryonic heart of amniotes initially represents a tube consisting of pre-

cursor cells for most of the left ventricle and a small portion of the atria. Outflow tract,

right ventricle, and large portions of the atria are only subsequently recruited from a

second lineage of mesenchymal cells.11-13 Nkx2-5, that encodes a homeobox tran-

scription factor, is expressed in both the first and second lineages of the heart, and

plays pivotal roles in early and late steps of cardiogenesis.13,14 Using genetic lineage

analysis, we show that the myocardial sinus horns and their precursor cells do not

express Nkx2-5. The sinus horns form only after heart looping in the presence of

Tbx18. We demonstrate that Tbx18 is essential for the formation of the sinus horns

from the mesenchyme of the pericardial wall and for their myocardial differentiation

but not for formation of the atria or pulmonary veins. 

Materials and Methods

Mice

The Nppa-Cre,15 Nkx2-5-IRES-Cre,16 R26R,17 Nkx2-5GFP 18 and Tbx18lacZ 19 trans-

genic mouse lines have been described previously. Construction of the GFP null allele

of Tbx18 (Tbx18GFP) will be described elsewhere. Tbx18GFP/GFP and Tbx18lacZ/lacZ mice

are phenotypically indistinguishable. For timed pregnancies, vaginal plugs were

checked in the morning after mating, noon was taken as embryonic day (E) 0.5. Em-
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bryos and fetuses were dissected in PBS and fixed in 4% paraformaldehyde

overnight. Genomic DNA prepared from amnion or tail biopsies was used for geno-

typing by PCR. H. Hedrich, state head of the animal facility, approved the care of an-

imals and experiments at Medizinische Hochschule Hannover.

-galactosidase activity detection and immunohistochemical analyses 

Detection of -galactosidase activity on 20 µm cryostat sections was performed as

described.20 For immunohistochemistry on 5 to 10 µm embryo sections, the following

primary antibodies were used: monoclonal antibody against proliferating cell nuclear

antigen (PCNA) (1:2000) (Santa Cruz Biotechnology); monoclonal antibody against

Desmin (1:50; Monosan Clone D33); rabbit polyclonal antibody against GFP (1:150;

Santa Cruz Biotechnology). Proliferating cells were marked with an antibody against

phosphorylated histone H3 (ser10; 1:50; Cell Signalling). Adjacent sections were

stained for GFP to define the Tbx18-positive region. Mitotic indices were calculated

as fraction of labeled cells to the total number of DAPI positive nuclei within a GFP-

positive region. Quantification of proliferation by detection of BrdU incorporation was

performed as described.19 TUNEL staining for apoptotic cells was done on 10 µm

sections of embryos according to the protocol supplied with the in situ cell death de-

tection kit, POD (Roche).

Non-radioactive in situ hybridization and three-dimensional reconstruction 

Non-radioactive in situ hybridization analysis of 10-12 µm embryo sections was per-

formed as described.10 The following probes were kindly provided: Isl1 11 and Hcn4
21 by S. Evans (Skaggs School of Pharmacy, University of California, San Diego) and

B. Santoro (Center for Neurobiology and Behavior, Colombia University, New York).

Probes for chicken Tbx18 and Isl1 were derived from ChEST 519c15 and 861p11

(BBSRC ChickEst databank, MRC geneservice). Three-dimensional visualization and

geometry reconstruction of patterns of gene expression determined by in situ hy-

bridization was carried out as described previously.22 Files with reconstructions are

available upon request.
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Results

Definitions

Systemic venous tributaries/return

The whole of veins that return the systemic blood to the developing or mature heart.

Inflow tract/venous pole

Generic terms for most upstream (caudal) component of the heart, regardless of de-

velopmental stage.

Venous valves

Valvular folds guarding the sinoatrial orifice (entrance to the right atrium). They form

after E9.5 from Nkx2-5+ caudal inflow tract myocardium (this study).

Sinus horns

The myocardial parts of the common cardinal veins upstream of the venous valves

that bulge into the pericardial cavity. They form after mouse E9.5 and express Tbx18

(this study)

The development of the venous pole of the heart
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Figure 1. Dorsal views of 3D reconstructions of hearts of consecutive stages of development. The Cx40-

positive atrial myocardium is shown in green, the Cx40-negative myocardium of the sinus horns in gray, the lumen

of the caval veins in orange-brown, the lumen of the forming pulmonary vein in red, and the atrioventricular cushion

mesenchyme in yellow. The mesenchyme to which the sinus horns are attached has been removed to expose the

embedded veins. The volume of the reconstructed Cx40-negative myocardium of the sinus horns is given under-

neath the stage. The size bar represents 300 m. icv indicates inferior caval vein; l/ra, left/right atrium; l/rcv, left/right

cardinal vein; l/rsh, left/right sinus horn; mm, mediastinal myocardium.
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Expression and  3D reconstruction analysis of sinus horn development

In a previous study, 3D reconstruction analyses were performed to gain insight into

the morphologically complex area of the developing atria and venous pole.10 To get

a clearer picture of the formation of the sinus horns we here extended this analysis.

At E9.5, when the inflow tract is a bilaterally symmetrical structure, a very small Cx40-

myocardial component has formed (Figure 1). At subsequent stages, the walls of the

left and right common cardinal vein bulge into the pericardial cavity, forming reflec-

tions at the pericardial lining. By E10.5, the Cx40- myocardial volume of the sinus

horns has gained five fold in size. The common entrance has shifted to the right due

to the stronger increase of Cx40- myocardium at the left compared to the right sinus

horn. The sinus horns continue to expand until the intrapericardial component has

become almost completely enveloped by myocardium at E12.5. The lumen of the

pulmonary vein in the dorsal mesenchyme becomes visible from E11.5 onward. It is

surrounded by Cx40+ mediastinal myocardium at the border of the Cx40- sinus horn

component (Figure 1).10 The mesenchyme lining the pulmonary vein lumen will be-

come Cx40+ myocardium from E12.5-13.5 (not shown).

At E9.5, all myocardium (cTnI+) expressed Nkx2-5 (Figure 2A). In addition,

Nkx2-5 was expressed in the Isl1+ cTnI- second field of cardiac precursors (Figure

2A and 2B). At this stage, Tbx18 was expressed in mesenchyme abutting the

Nkx2-5+ myocardium at the venous pole of the heart (Figure 2A, left panels). Thus,

in the region of the developing sinus horns 2 distinct cell populations were present,

the Nkx2-5+ caudal myocardium and the adjacent Tbx18+ mesenchyme. Surprisingly,

the sinus horn myocardium forming from E9.5 on failed to express Nkx2-5, but was

positive for Tbx18 (Figure 2A and 2D). The expression domains of Nkx2-5 and Tbx18

continued to be adjacent and mutually exclusive. At E9.5 and E10.5 the transcription

factor gene Islet1 (Isl1) was expressed in the dorsal mesenchyme that includes the

second lineage11 but also in the myocardial component of the inflow tract and outflow

tract (Figure 2B). However, the Isl1+ and Tbx18+ domains were largely exclusive,

with a marginal overlap in the myocardial-mesenchymal border zone (Figure 2B). To

assess whether the genetic mechanism of sinus horn formation was evolutionary

conserved, the expression patterns of Tbx18, Nkx2-5 and Isl1 were analyzed in

chicken hearts. The patterns of these genes were conserved between mouse and

chicken (Figure 2C), indicating that the formation of the sinus horns may be governed

by a general and conserved mechanism. Since only 2 sinus horn precursor popula-

tions are present in the inflow tract region, the Nkx2-5+ myocardial precursors, on

one hand and the adjacent Tbx18+ mesenchymal precursors on the other hand, for-

mation of the sinus horns is likely to follow 1 of 2 possible mechanisms. The sinus

horns may form from the inflow tract myocardium by proliferation, losing Nkx2-5 ex-

pression but gaining Tbx18 expression. Alternatively, the sinus horns may expand by
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Figure 2. Marker analysis of the venous pole of the heart. Adjacent serial sections of the sinus venosus region

of mouse (A and B) or chicken (C) embryos in columns. Stages and probes are indicated. Black arrows in A and C

indicate the border between Nkx2-5 and Tbx18 expression domains; in B, absence of Tbx18 from Isl1+ / myocardial

domains. Red arrows in A indicate Nkx2-5 expression in the second lineage/second heart field; in B, Isl1 expression

in the myocardium; and in C, absence of Isl1 expression from the forming sinus horn. At E11.5 the myocardial sinus

horns express Tbx18 in their entirety (D). -Galactosidase activity of the lacZ gene in the Tbx18 locus mimics the

Tbx18 mRNA pattern, indicating a lack of contribution of Tbx18+ cells to the atria or venous valves (E). Sinus horn

derived caval veins express Tbx18, pulmonary veins do not (F). a indicates atrium; am, atrial myocardium; Cra,

cranial; Cau, caudal; D, dorsal; dm, dorsal mesocardium; ep, epicardium; L, left; lscv, left superior caval vein; oft,

outflow tract; pe, proepicardium; pv, pulmonary vein; R, right; sh(m), sinus horn (myocardium); V, ventral. For other

abbreviations, see the legend of Figure 1.
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Figure 3. Genetic lineage analysis of the sinus horns. Nppa-Cre / R26R double transgenic hearts stained for

-galactosidase activity (A andB). Recombination occurred in the atrial myocardium (black arrows), but not in the

adjacent superior caval vein myocardium (red arrows). Some recombination was observed in the caval veins (blue

arrows). A whole mount X-gal stained E9.5 Nkx2-5-IRES-Cre / R26R embryo (C) and transverse (D) and sagittal

sections (E, F) of an E10.5 embryo. Sister sections of an E11.5 wild-type (G and H) and Tbx18 mutant littermate (I

and J). Sister sections of an E9 wild-type (K and L) and Nkx2-5 mutant littermate (M and N). A model of the formation

of the sinus horn myocardium (O). Arrows with crosses indicate that one type of cell did not contribute to the other

type. Dashed lines show lineage relations. (P-U) PCNA and nuclear staining showing labeling in the myocardium

of the atrium and mesenchyme, but not sinus horn, at E11.5 (P-S), and in the sinus horn at E14.5 (T and U). li in-

dicates liver; pa, pharyngeal arch. Other abbreviations as in the legends of Figure 1 and 2.
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recruitment and myocardial differentiation of the adjacent Tbx18+ mesenchyme,

maintaining Tbx18, and not initiating Nkx2-5 expression. 

Lineage analysis of sinus horn development 

We addressed the origin of the sinus horn cells by using the two-component Cre-

loxP system. The first component is a transgene expressing Cre in a cell-type specific

manner. The second component is a conditional lacZ reporter, R26R, which is irre-

versibly activated by Cre.17 Progeny of labeled cells continue to express -galactosi-

dase even after Cre expression has been terminated, permitting to map the fate of

these cells. We first analyzed the contribution of atrial (Cx40+, Nppa+) myocardium

to the Cx40- Nppa- sinus horns during development. The Nppa-Cre line drives Cre

expression specifically in Cx40+ Nppa+ atrial myocardium from E9.5 onward, but not

in the inflow tract myocardium, resulting in detectable -galactosidase labeling at

E10.5 15 and robust labeling at E11.5 (Figure 3A). At E17.5, we observed almost com-

plete recombination within the atria of Nppa-Cre / R26R double transgenic animals,

whereas the myocardial cells of the caval veins bordering the atria remained almost

free of recombined cells (Figure 3B). The few recombination events detected in the

caval veins were probably due to sporadic activity of the Nppa promoter. In line with

the expression analysis, this experiment shows that the sinus horns are not derived

from atrial myocardium. 

We next deployed the Nkx2-5-IRES-Cre knock-in line, which drives expres-

sion of Cre in a pattern identical to that of Nkx2-516 (Figure 3C). Because all myocar-

dial cells express Nkx2-5 at the start of sinus horn formation at E9.5 (Figure 2A), we

could test whether the Nkx2-5- sinus horn myocardium is derived from the Nkx2-5+

caudal myocardium. In Nkx2-5-IRES-Cre / R26R double knock-in embryos of E10.5,

all myocardium except that of the sinus horns was labeled by -galactosidase (Figure

3D and 3E). These results show that the sinus horns are not derived from Nkx2-5+

cells, suggesting that they are derived from the adjacent Tbx18+ posterior pericardial

mesenchyme instead. This is supported by the pattern of -galactosidase activity

from the lacZ reporter gene in the Tbx18 locus that recapitulated Tbx18 expression

in the myocardial sinus horns at E12.5 (Figure 2E). In contrast, atrial cells, venous

valve cells and atrial septal cells failed to express -galactosidase, a lineage marker

due to its longevity, indicating that they are not derived from Tbx18+ precursors.

The complementary expression of Nkx2-5 and Tbx18 may suggest mutual

transcriptional repression. However, neither Tbx18 nor Nkx2.5 were derepressed in

Nkx2.5 and Tbx18 mutants, respectively, indicating that upstream factors and/or pat-

terning processes are responsible for the formation of the border between the sinus

horns and atria (Figure 3G-N). 
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68

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 68



We analyzed the presence of PCNA, a marker for proliferating cells, in the

sinus horns at a stage of recruitment, E11.5, and after recruitment, E14.5 (Figure 3P

through 3U). At E11.5, almost all atrial cells proliferated, but only a few of the cells of

the myocardial sinus horns revealed PCNA expression. In contrast, a large fraction

of the non-myocardial cells of the mesenchyme bordering the sinus horns was PCNA-

positive (Figure 3S). At E14.5, PCNA staining was detected in a large fraction of the

sinus horn cells (Figure 3T and 3U). 

Collectively, these results exclude that the sinus horns are formed by prolif-

69

Table 1. Genotype and sinus horn morphology of embryos from matings of Tbx18+/- mice. Assessment of

the formation of a left sinus horn structure, defined as a venous structure bulging into the intrapericardial cavity.

Each embryo in the mutant group (-/-) has 1 or more littermates in the control (+/+, +/-) group. Only embryos were

included, of which the entire region of interest (sinus horns or common cardinal veins, venous valves, dorsal atrial

wall, pulmonary vein) was analyzed on serial sections. NA indicates not applicable. *No. of embryos with myocar-

dium in the wall of the sinus horns (+/+, +/-) or embedded common cardinal vein (-/-) per no. of total embryos ana-

lyzed. †Limited myocardium was observed in the walls of the systemic veins in these embryos. One of these E12.5

embryos has been 3D reconstructed (Figure 4). ‡ The systemic veins were embedded in the pleuro-pericardial

membrane. These veins had a myocardial wall. § The pulmonary  vein was normal and the dorsal atrial wall intact

in these fetuses. ¶ One representative fetus was 3D reconstructed (see Figure 4).

Genotype

+/+, +/- -/-

stage (E) No. 

analyzed

Sinus

Horn

Myocardium

(Total)*

No. 

analyzed

Sinus

horn

Myocardium

(Total)*

E9.5 11 0 NA 6 0 NA

E10.5 16 16 7 (7) 12 0 0 (5)

E11.5 15 15 8 (8) 12 0 0 (6)

E12.5 5 5 5 (5) 9 0 0 (8)†

E13.5 2 2 2 (2) 1 0 0 (1)†

E14.5 3 3 3 (3) 3 0‡§ 3 (3)

E17.5 3 3 3 (3) 3 0‡§¶ 3 (3)
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Figure 4. Sinus horn defects in Tbx18 mutant hearts. Section in situ hybridization analysis of heterozygous

(Tbx18lacZ/+ or Tbx18GFP/+) embryos (left column) and of mutant (Tbx18lacZ/lacZ or Tbx18GFP/GFP) embryos (right column).

Probes and stages are as indicated. G and I show sister sections, as do H and J. Black arrows indicate sinus horns

and the equivalent structure in the mutant, respectively. Dashed lines indicate the pericardial wall. Red arrows in

panel L point to notches in the lung that accommodate the mis-positioned caval veins. Panels E and F show dorsal

views of reconstructions of hearts. Color codes are as in Figure 1. Black arrows highlight absence of Cx40-negative

sinus horn myocardium in the mutant. Panels M and N show a reconstruction of an E17.5 Tbx18GFP/GFP heart. In M,

gray shows all myocardium, orange the lumen. The pulmonary vein has been removed. The dorsal atrial wall is in-

tact. N shows a lumen cast, all myocardium has been removed. Before entering the right atrium, the lumen of the

small and malformed systemic venous return does not make contact (black arrow) with the well-developed pulmo-

nary vein. For abbreviations, see legends of Figures 1 and 3. The bar represents 300 m.
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Figure 5. Proliferation and apoptosis in Tbx18-/- sinus horns. (A-I) Immunohistochemically stained serial sections

of E10.5 Tbx18GFP/+ embryos are shown at the left, of Tbx18GFP/GFP embryos at the right. (A, B, D-I) Black arrows in-

dicate BrdU and phosphorylated histone H3 (pHH3), respectively, positive cells in the GFP-expressing area. (C)

Labeling index is defined as the ratio of BrdU-positive cells to total cell number in the GFP-positive area. No signi-

ficant difference in cell proliferation was detected between the two genotypes. (J-M) TUNEL assay on sections of

E10.5 embryos. Black arrows indicate apoptosis in foregut (fg) endoderm and in the mesenchyme between dorsal

aorta and cardinal vein. For abbreviations, see the legend of Figure 1.
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eration of existing Nkx2-5+ caudal myocardium. They rather suggest that the sinus

horns are formed by myocardial differentiation (recruitment) and subsequent prolif-

eration of Tbx18+ mesenchyme (Figure 3O).

Systemic venous defects in Tbx18-deficient mice 

The specific expression of Tbx18 in the systemic venous return suggested a func-

tional involvement of the gene in the formation of this heart region. To investigate the

role of Tbx18 in this process, we analyzed Tbx18-deficient mice for phenotypic alter-

ations in this region. Heterozygous Tbx18lacZ/+ and Tbx18GFP/+ fetuses were unaffected.

Hearts of Tbx18-/- embryos appeared grossly normal. Similarly, the morphology and

gene expression profiles of the pulmonary veins appeared unchanged in Tbx18-de-

ficient mice, consistent with the absence of Tbx18 expression in the mesenchyme

and the myocardium of the developing pulmonary veins (Figure 2F). We detected

GFP expression around the common cardinal veins both in Tbx18GFP/+ and

Tbx18GFP/GFP embryos (the GFP signal being stronger in the Tbx18GFP/GFP mutants),

indicating that Tbx18 is not required for the formation of the Tbx18+ precursor pop-

ulation (Figure 4A and 4B). At E9.5, the inflow tracts of mutant and control embryos

appeared similar on sections, but at E10.5 all mutants had failed to form a left sinus

horn in the pericardial cavity (Figure 4A and 4B and Table 1). Instead, the left and

right common cardinal veins remained embedded in the latero-dorsal mesenchyme,

and until E12.5 their walls did not express myocardial markers (Figure 4Cand 4D and

Table 1). The malformation was restricted to the venous GFP-expressing domain. 

In some E12.5 embryos primary myocardial cells protruded into the walls of

the common cardinal veins, indicating they had initiated differentiation into the my-

ocardial phenotype (Table 1), as is illustrated by the 3D reconstructions of a Tbx18lacZ/+

and a Tbx18lacZ/lacZ heart (Figure 4E and 4F). The caudal myocardium, including the

sinus horn myocardium of mutants and littermate controls expressed Bmp4, Tbx5,

Serca2a, cTnI, Mhc, Mlc2a, Cx43, SMA and Desmin at comparable levels (not

shown). 

From E14.5 on, Tbx18 mutant hearts featured thinner and smaller veins that

were abnormally positioned within the membranous wall that separates the pericardial

and pleural cavities (Figure 4G through 4L). This membrane derives from the mes-

enchyme that holds the common cardinal veins prior to sinus horns formation. At this

stage, the venous walls had differentiated into myocardium like in the wild-type and

acquired a small and deformed Hcn4+ sinoatrial nodal region (Figure 4I and 4J). At

a more cranial level the veins were shifted laterally and were surrounded by lung tis-

sue (Figure 4K and 4L). The defect was restricted to the sinus horns, as the pul-

monary vein and dorsal atrial wall (mediastinal wall) were normal (Figure 4M, N).

Taken together, these results indicate that in Tbx18 mutants the sinus horns fail to

The development of the venous pole of the heart

72

thesis_arial_73:Opmaak 1  26-7-2009  20:34  Pagina 72



develop from the pericardial mesenchyme. Myocardial differentiation of the walls of

the systemic veins is delayed, but not completely blocked in Tbx18-/- embryos. 

Because all Tbx18 mutant embryos failed to form sinus horns, we investi-

gated whether proliferation of the Tbx18-expressing sinus horn precursor cells was

decreased at E10.5, when the defect became first visible. Serial sections of E10.5

Tbx18GFP/+ and Tbx18GFP/GFP embryos were alternately stained for GFP to identify the

Tbx18-positive area, and for BrdU reflecting proliferation rates. No differences in pro-

liferation rates were noticed (Tbx18GFP/+: 0.147± 0.022 vs. Tbx18GFP/GFP: 0.157± 0.022;

P = 0.11, Figure 5A through 5E). Both heterozygous and Tbx18-deficient embryos

displayed comparable fractions of cells in M-phase of the cell cycle within the GFP-

positive mesenchyme (Figure 5F through 5I; Tbx18GFP/+: 2.2% vs. Tbx18GFP/GFP: 2.6%;

P = 0.396), confirming the BrdU analysis. These results indicate that sinus horn de-

fects are not caused by decreased proliferation in mutants. To address whether

Tbx18-deficiency affects programmed cell death, apoptosis was examined by TUNEL

analysis and cleaved-caspase 3 staining on serial sections of E9.5 to11.5 Tbx18GFP/+

and Tbx18GFP/GFP embryos. Apoptosis was not detected in the GFP-positive region of

either genotype (Figure 5J through 5M).

Discussion

Sinus horns form after E9.5 from a novel cardiac precursor population 

Previous studies have suggested that all components of the multi-chambered mam-

malian heart derive from 2 fields of cardiac precursor cells. The left ventricle that is

already represented in the early linear heart tube forms from a first field, whereas all

other cardiac components are subsequently added from a second field that lies an-

terior and dorsal to the linear heart tube. These fields, or lineages, are marked by ex-

pression of the homeobox transcription factor genes Nkx2-5 and Isl1.13 Thus far the

cell lineages of the systemic venous tributuaries have only been investigated at

stages earlier than E9.5. Our present study indicates that Nkx2-5+ caudal cardiac

cells constitute the venous pole myocardium up to E9.5, but are then taken up into

the forming atria and venous valves (Figure 6). Thus, the “sinus horns” of the early

heart tube consist of atrial chamber and venous valve precursors, whereas the “real”

sinus horns of the systemic venous return only form after E9.5. These sinus horns

will subsequently form the sinus venarum and myocardial components of the right

superior and inferior caval vein and persistent left caval vein (coronary sinus in

human). 

The mesenchymal precursor population of the sinus horns not only fails to

express Nkx2-5, the majority of the precursors also lack Isl1 expression prior to their
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differentiation. Instead, they uniquely express Tbx18, and will give rise to myocardium

that is distinguished from the atrial myocardium by its Tbx18+ Nkx2-5- Cx40- expres-

sion profile (Figure 6). In addition, the Tbx18+ population is positioned ventral-cau-

dal-lateral to the second heart field, meeting the Isl1+ precursors at the site where

the venous pole myocardium is recruited. Therefore, we conclude that the sinus horns

are formed from a precursor population that is genetically distinct from the first and

second heart fields. Alternatively, the sinus horn precursor population may be con-

sidered as a molecular distinct sub lineage of the second field.

The development of the venous pole of the heart
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Figure 6. Model of sinus horn formation. (A) A simplified scheme of the venous return region. Colors represent

mesenchyme and myocardium, respectively, with phenotypes as indicated. Arrows show direction of processes.

The pericardial cavity (pc) enlarges by proliferation of its wall. The proliferating Tbx18-expressing wall mesenchyme

becomes positioned into the pericardial cavity and differentiates to myocardium, thus forming the sinus horns. (B)

A scheme depicting roles and genetic interactions for Nkx2-5 and Tbx18 in the differentiation and morphogenesis

of the atrial myocardium and sinus horn myocardium. Factor X and Y generate two compartments and activate

Nkx2-5 and Tbx18, respectively. Nkx2-5 is required for further differentiation into atrial cells, and for the activation

of atrial genes. Tbx18 is required for differentiation and formation of sinus horns from the pericardial mesenchyme

compartment. A number of genes / pathways were not affected by the absence of Tbx18. Gray arrows depict pro-

cesses, black arrows (genetic) interactions or lack thereof (red crosses). For abbreviations, see the legends of

Figures 1 and 3. 
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Tbx18 regulates morphogenesis and myocardial differentiation of the sinus horns

Recruitment and myocardial differentiation of pericardial mesenchymal precursor

cells are processes common to the formation of sinus horns and the development of

cardiac components like the outflow tract from the anterior heart field. The genetic

control of the latter relies on the function of Nkx2-5, Isl1 and of other factors including

Mef2C, Foxh1, Fgf8 and Tbx1, whose mutation primarily result in defects in the an-

terior portion of the tubular heart.12 In contrast, defects in Tbx18 mutants are restricted

to the sinus horns and derived caval veins, indicating that the molecular program un-

derlying the development of the sinus horns is profoundly distinct from that of other

components of the heart. 

Gata4, Gata6, Raldh2 and Coup-TFII and Tbx5-mutants show defects of the

atrial and venous pole region, suggesting involvement of these factors in embryonic

inflow tract development.23-26 However, these defects are manifested at E9.5 or ear-

lier, when the progenitors of the atria still reside in the inflow tract. Although these

factors certainly play a prominent role in the formation of the caudal aspect of the

heart tube, one cannot infer a function in regulating the formation or differentiation of

the sinus horns from the Nkx2-5- Tbx18+ precursor population at this moment. More-

over, the expression of these genes is not affected in Tbx18 mutants (data not

shown), suggesting that Tbx18 acts downstream or in an independent molecular

pathway. 

Although the Cx40- Nppa- expression profile of the sinus horn myocardium

resembles that of the primary myocardium of the atrioventricular canal and the outflow

tract, several findings argue against a common regulatory program. In the primary

myocardium of the atrioventricular canal, Tbx2 and Tbx3, two closely related T-box

transcription factors, counteract Nkx2-5/Tbx5 mediated activation of Cx40 and Nppa

expression, thus, preventing expansion of the chamber phenotype into this region.27,28

In contrast, neither Tbx2/Tbx3 nor Nkx2-5 is expressed in the sinus horn myocardium.

Loss of Tbx18 caused reduction and delay in myocardial differentiation, but did not

result in ectopic expression of Nppa or Cx40 in the sinus horn myocardium. This sug-

gests that the absence of Nkx2-5 from the sinus horns is sufficient to prevent activa-

tion of atrial chamber-specific genes in the sinus horns (Figure 6B). This is in line

with the observation that both expression of chamber-specific genes and chamber

formation are severely affected in Nkx2-5 mutant mice.14

Congenital malformations and arrhythmias of the venous pole

Recent studies indicated that the development of the systemic and pulmonary venous

returns involves physically separated and phenotypically distinct types of my-

ocardium.10,29,30 However, not all studies fully agree on this issue because the sys-

temic and pulmonary venous returns also share phenotypic properties.3,31 To address
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these issues, however, insight into the position and nature of the mesenchymal pre-

cursors of the venous returns is required. Our study now provides some of these in-

sights. We found that Tbx18 is critical for the formation of the sinus horns but not for

the pulmonary venous return. Moreover, the systemic venous returns and their pre-

cursors express Tbx18 and not Nkx2-5, whereas the pulmonary venous return and

its precursors show the opposite profile. These observations show that distinct reg-

ulatory mechanisms are required for each structure, and indicate that the precursors

have a distinct phenotype. Nevertheless, because systemic and pulmonary vein pre-

cursors at the caudal pole of the heart are in close proximity, it is conceivable that er-

rors in patterning and misdirection of fate of either population may result in

malformations such as communications between the sinus venosus and pulmonary

vein, as seen in abnormal venous return.4 It will be interesting to identify additional

genes involved in the specification of the precursor sub-populations to test this hy-

pothesis.

Foci of ectopic beats that initiate atrial arrhythmias are typically found in my-

ocardium surrounding the pulmonary vein. However, a fraction of these ectopic beats

arises from the sinus horn-derived structures.7-9 Although the mechanism behind the

formation of these ectopic foci has not been solved, the molecular pathways may be

distinct for the pulmonary vein and systemic venous return structures, the latter in-

volving small regions with nodal, spontaneously depolarizing activity. We observed

that at late fetal stages the primary myocardial sinus horns (caval veins), initiate Cx40

expression and lose expression of Hcn4, which is essential for embryonic and adult

cardiac pace-making.32 Therefore, the sinus horns loose their nodal phenotype. It is

conceivable that some of the primary myocardium of the sinus horns does not suffi-

ciently mature and persists. This would provide a molecular explanation for the for-

mation and the non-random distribution of these foci. 
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Abstract

The sinoatrial node, which resides at the junction of the right atrium and the superior

caval vein, contains specialized myocardial cells that initiate the heart beat. Despite

this fundamental role in heart function, the embryonic origin and mechanisms of lo-

calized formation of the sinoatrial node have not been defined. Here we show that

subsequent to the formation of the Nkx2-5-positive heart tube, cells bordering the in-

flow tract of the heart tube give rise to the Nkx2-5-negative myocardial cells of the

sinoatrial node and the sinus horns. Using genetic models, we show that as the my-

ocardium of the heart tube matures, Nkx2-5 suppresses the pacemaker channel gene

Hcn4 and T-box transcription factor gene Tbx3, thereby enforcing a progressive con-

finement of their expression to the forming Nkx2-5-negative sinoatrial node and sinus

horns. Thus, Nkx2-5 is essential for establishing a gene expression border between

the atrium and sinoatrial node. Tbx3 was found to suppress chamber differentiation,

providing an additional mechanism by which the Tbx3-positive sinoatrial node is

shielded from differentiating into atrial myocardium. Pitx2c-deficient fetuses form

sinoatrial nodes with indistinguishable molecular signatures at both the right and left

sinuatrial junction, indicating that Pitx2c functions within the left/right pathway to sup-

press a default program for sinoatrial node formation on the left. Our molecular path-

way provides a mechanism for how pacemaker activity becomes progressively

relegated to the most recently added components of the venous pole of the heart,

and, ultimately, to the junction of the right atrium and superior caval vein.
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Introduction

The sinoatrial node (SAN) is the pacemaker of the heart that initiates the heartbeat

and controls its rate of contraction. It is a specialized myocardial structure positioned

at the junction of the right atrium and the superior caval vein. Disease, ageing, or

gene defects may cause SAN dysfunction (sick sinus syndrome), a common cardiac

disorder that currently requires the implantation of a pacemaker. SAN function de-

pends on a complex tissue architecture and the expression and function of a set of

ion-channel, sarcomeric and gap junction proteins expressed at levels distinct from

the atrial working myocardium.1,2 Hyperpolarization-activated pacemaker channel

Hcn4 is expressed in the SAN and plays an important role in pacemaker activity in

vivo.2,3 Furthermore, the SAN expresses very low levels of Connexin 40 (Cx40) and

Cx43 gap-junctional subunits that are essential for the fast conduction of the electrical

impulse in the atrial and ventricular working myocardium and ventricular conduction

system.4,5 The T-box transcription factor, Tbx3, which, when mutated, causes ulnar-

mammary syndrome of congenital malformation in human,6 is expressed in the de-

veloping nodal tissues of the heart of mammals and chicken and is able to suppress

promoter activity of atrial chamber myocardial genes including natriuretic peptide pre-

cursor type A (Nppa, encoding atrial natriuretic factor) and Cx40 in cell culture.7

Despite its fundamental role in heart function, the embryonic origin of the

SAN and the mechanisms of its patterning and formation are still enigmatic. In the

present study we investigated the spatio-temporal patterns of genes relevant to the

developing inflow tract, SAN and atrium and provide evidence for roles for Nkx2-5

(NK2 transcription factor related, locus 5 [Drosophila]), Pitx2c (paired-like home-

odomain transcription factor 2), and Tbx3 in the patterning and formation of the SAN. 

Materials and Methods

Mice

The R26R,8 Nkx2-5-,9 Nkx2-5ires-Cre,10 Pitx2c-,11 and Tbx3- 12 transgenic mouse lines

have been described previously. A cDNA fragment encoding the full-length human

TBX3 protein13 was cloned in a construct containing a 5-kb regulatory fragment of

the murine -Mhc gene and the human growth hormone pA signal,14 kindly provided

by Dr. J. Robbins (Children’s Hospital Research Foundation, Cincinnati, Ohio). As a

control, a cDNA fragment encoding TBX3 with a point mutation in the T-box DNA

binding region (L143P)13 was cloned in the same construct. Vector sequences of

these constructs were removed and the DNA was microinjected into nuclei of FVB
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zygotes, which were subsequently implanted into fosters to generate transgenic em-

bryos. At embryonic day 9.5 (E9.5), embryos were isolated for analysis. Embryos and

fetuses were dissected in PBS and fixed in 4% paraformaldehyde overnight. Amnion

or tail biopsy genomic DNA was used for PCR assays to detect the Cre, lacZ, GFP

or TBX3 transgenes.

β-galactosidase activity detection and immunohistochemical analyses

Detection of β-galactosidase activity on 20 μm cryostat sections was performed as

described.15 For immunohistochemistry on 10 μm embryo sections, the following pri-

mary antibodies were used: polyclonal antibody against cardiac troponin I (cTnI)

(1:1000; Hytest Ltd); polyclonal antibody against Nkx2-5 (1:250; Santa Cruz Biotech-

nology); polyclonal antibody against Hcn4 (1:200; Chemicon); polyclonal antibody

against Cx40 (1:200; Chemicon); monoclonal antibody against desmin (1:50; Mono-

san).

Non-radioactive in situ hybridization 

Non-radioactive in situ hybridization of 12 μm embryo sections was performed as de-

scribed.16 The probes for Isl117 and Hcn418 were kindly provided by S. Evans (Skaggs

School of Pharmacy, University of California, San Diego) and B. Santoro (Center for

Neurobiology and Behavior, Columbia University, New York). Other probes have been

described previously.16 All patterns in wild-type embryos were observed in at least 3

independent embryos. 

Three-dimensional reconstructions

Three-dimensional visualization and geometry reconstruction of patterns of gene ex-

pression determined by in situ hybridization was performed as described previously.19

Files with reconstructions are available upon request.
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Figure 1. Spatial and temporal patterns of SAN and atrial genes indicate progressive patterning and for-

mation of the primordial SAN. A, Embryos stained whole mount show expression of Nppa in the atria and ven-

tricles at E9.5 and E10.5. The black line indicates the level of sectioning in panel B. B, Three sister sections of an

E9.5 heart show coexpression of cTnI, Nkx2-5 and Hcn4 in the inflow tract. Three sister sections of an E10.5 heart

show expression of Hcn4 selectively in the sinus horns, and of Nkx2-5 excluded from the sinus horns (black arrow-

heads indicate the sinus horn myocardium). Three sister sagittal sections of an E10.5 heart show some overlap in

expression of Hcn4 and Nkx2-5, also in the Nkx2-5-positive cells of the second heart field in the dorsal mesocardium

(red arrowheads). Black arrowheads indicate the sinus horn myocardium. C, Whole mount Nppa stained E9.5

embryo indicating plane of sectioning (black line) and Cx40 expression in the inflow tract fated to become atrium.

Two pairs of sister sections of an E10.5 embryo showing the expression of Nppa and Cx40 in the atria but not in

the sinus horns, and Tbx3 expression in a right-sided subdomain of the Cx40-negative sinus horns (*). a indicates

atrium; Cra, cranial; Cau, caudal; d, dorsal; dm, dorsal mesocardium; ift, inflow tract; l/rsh, left/right sinus horn; l/ra,

left/right atrium; l/rv, left/right ventricle; v, ventral . Bars represent 100 μm.
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Figure 2. Expression and lineage analysis of the venous pole. A, Three-Dimensional reconstructions of E14.5

wild-type embryos showing the lumen (orange) of the heart from dorsal (top panels) and from the right side (bottom

panels). In red, Tbx3-positive myocardium; in gray, Cx40-negative myocardium. The Tbx3 expression pattern is

confined to the Cx40-negative myocardium. B, sister sections of a wild-type E11.5 embryo double-stained with an-

tibodies against desmin (blue) and Hcn4 or Nkx2-5 (pink). Nuclei are stained with SYTOX Green (green). C and D,

Sister sections of E14.5 wild-type embryos showing the mutually exclusive expression patterns in the SAN and

right atrium. E, Schematic representation of the patterns of expression until E9.5 (left) and between E9.5 and E14.5

(middle). Dotted lines represent borders of the expression domains of Nkx2-5 and Pitx2c. Except for the yellow-co-

lored mesenchyme, only myocardium is depicted (see legend in right panel). san indicates sinoatrial node; l/rsh,

left/right sinus horn; l/ra, left/right atrium; avc, atrioventricular canal; l/rv, left/right ventricle; vv, venous valves; ift,

inflow tract; l/raa, left/right atrial appendage; as, atrial septum; pv, pulmonary vein. Bars represent 100 μm.
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Results

Expression and genetic lineage analysis reveal a mechanism of SAN development

To investigate formation of the SAN in development, we assessed the expression

patterns of Hcn4, a SAN marker1; Nppa and Cx40, atrial chamber myocardial mark-

ers4; Tbx3, a developing conduction system marker and putative repressor of Nppa

and Cx407; Nkx2-5, a key cardiac homeobox gene expressed in the first and second

heart fields20 and essential for the activation of Cx40 and Nppa,21,22 and cTnI, desmin

and myosin light chain 2a (Mlc2a), which mark all differentiated myocardium. “Inflow

tract” refers to the myocardial intake at the caudal end of the heart tube until E9.5.

“Venous pole” refers to the myocardial components of the systemic venous return

that are added to the heart from E9.5 onward, including the SAN (this study), venous

layer of the bilayered venous valves, and left and right sinus horns.16

The E9.5 heart tube coexpressed myocardial marker genes and Nkx2-5. The

inflow tract in addition expressed Hcn4 in a pattern that initially overlaps that of

Nkx2-5 (Figure 1A and 1B). Expression of Cx40 had been initiated at this stage in

the Nkx2-5-positive inflow tract (Figure 1B and 1C). After E9.5, Nkx2-5-negative

myocardial sinus horns are formed from cardiac progenitor cells adjacent to the inflow

tract.16 At E10.5, Cx40 and Nppa were expressed in the Nkx2-5-positive myocytes,

which at this stage have contributed to the atrial chambers and atrial layer of the ve-

nous valves. Hcn4 expression was down-regulated in this myocardium to become

confined to the newly formed Nkx2-5-negative venous pole (Figure 1B and 1C). Thus,

an early pattern in which Nkx2-5 and Cx40 expression overlaps that of Hcn4 resolves

into a mutually exclusive pattern by E10.5.

From E10.5 on, a thickening of myocardial cells was formed in the right sinus

horn bordering but exclusive of the Nkx2-5/Cx40/Nppa-positive atrial cells, corre-

sponding to the primordial SAN23 (Figure 1C). This structure also expressed Tbx3.

Three-dimensional reconstructions show that the expression domains of Tbx3 and

of Cx40 were mutually exclusive (Figure 2A). At the atrial side, the Tbx3 expression

domain bordered the Cx40-positive domain, but neither Tbx3 nor Cx40 were ex-

pressed in the myocardium of the sinus horns (Figure 1C and 2A). Together, these

data indicate the existence of 3 bordering domains at the sinuatrial junction, an atrial

domain, a SAN domain and a sinus horn domain (Figure 2B through 2E).

To address whether the Nkx2-5-negative SAN primordium is derived from

Nkx2-5-positive inflow tract myocardium, which subsequently loses Nkx2-5 expres-

sion, or, like the sinus horns, from adjacent Nkx2-5-negative mesenchyme,16 we

crossed Nkx2-5ires-Cre mice10 with R26R mice8 to reveal all cells derived from Nkx2-5-

positive cells. These data showed that the Tbx3-positive, Cx40-negative SAN pri-
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mordium was devoid of Nkx2-5-Cre-positive cells, and therefore never expressed

Nkx2-5 (Figure 3A and 3C). We conclude that the primordial SAN myocardium is

formed de novo from Nkx2-5-negative cells. 

LIM homeodomain transcription factor islet-1 (Isl1) is reported to be a marker

of the second heart field precursors that is switched off when these mesenchymal

precursors differentiate to myocardium.17 However, probably because of the half-life

of its transcripts, Isl1 expression remains detectable shortly after differentiation of the

precursors into myocardium.16 Isl1 expression was still observed in the Hcn4-positive

primordial SAN (Figure 3B), providing support for de novo differentiation of the SAN

from second heart field progenitors.

Nkx2-5 suppresses Hcn4 and Tbx3 and establishes the sinoatrial boundary 

The boundary between the SAN and atrial myocardium could be established at least

in part if Nkx2-5 acted as a repressor of Hcn4 and Tbx3. We therefore tested the ex-

pression of Hcn4 and Tbx3 in Nkx2-5-deficient mice. In these embryos, heart devel-

opment is arrested during looping, chamber formation does not occur, and Cx40 and

Nppa are not activated.21,22 We found a marked ectopic expression of both Hcn4 and

Tbx3 throughout the heart tubes of Nkx2-5-deficient embryos (Figure 4A), showing

that Nkx2-5 is required to repress these genes in the heart tube. These observations

indicate a critical role of Nkx2-5 in the confinement of Hcn4 and Tbx3 to the Nkx2-5-

negative venous pole domain (Figure 4C).

Because Nkx2-5 mutant mice die at E10, this model does not allow the analy-

sis of the SAN region in a more advanced state of development. We investigated

fetal mice compound heterozygous for the Nkx2-5ires-Cre allele and for a null allele.

These mice express ~25% of the normal level of Nkx2-5 expression in wild-type, be-

cause the ires-Cre insert in the 3' untranslated region of the Nkx2-5 gene creates a

hypomorphic allele (O.P, R.P.H., submitted manuscript, 2006). Nkx2-5ires-Cre / - mice

die shortly after birth showing a range of cardiac malformations, including atrial and

ventricular septal defects, much more severe than haploinsufficient mice. As controls,

Nkx2-5ires-Cre / + mice were used which appeared completely normal. In Nkx2-5ires-Cre / -

E14.5 fetuses, the Hcn4 and Tbx3 expression domains of the SAN were much

broader and extended into the atrium (Figure 4B). Thus, the expression border be-

tween the SAN and atrium was blurred. Cx40 expression was reduced in these

hearts, consistent with the notion that Nkx2-5 is required for Cx40 expression,22 but

was particularly weak in the enlarged Hcn4 and Tbx3 domain around the SAN (Figure

4B). These observations indicate a critical role of Nkx2-5 in the regulation and main-

tenance of the atrial chamber gene program at the border with the SAN domain (Fig-

ure 4C).
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Figure 3. SAN forms from Nkx2-5-negative precursore. A, E12.5 Nkx2-5ires-Cre/R26R embryo stained with5-

bromo-4-chloro-3-indolyl β-D-galactoside (Xgal) (n=3) and the corresponding area in an E12.5 wild-type embryo

stained for Cx40 and Tbx3. The black box in the left panel depicts the area enlarged in the right panels. Arrows

depict the Xgal and Cx40-negative, Tbx3-positive SAN area. B, Sister sections of the SAN area of an E10.5 wild-

type embryo. Black arrows, overlap of cTnI, Hcn4 and Isl1 expression in the Nkx2-5-negative primordial SAN. C,

Simplified scheme of the development of the venous pole and the SAN. At E9.5 the inflow tract myocardium ex-

presses both Hcn4 and Nkx2-5. After E9.5, the Hcn4-positive area becomes gradually confined to the Nkx2-5-

negative myocardial venous pole that is recruited from adjacent non-cardiac progenitor cells. Black arrows indicate

recruitment of mesenchyme into the Nkx2-5-negative myocardial venous pole lineage. Part of the Nkx2-5-negative

myocardium initiates Tbx3 expression and thickens to form the SAN primordium. After E14.5 Hcn4 expression be-

comes confined to the Tbx3-positive SAN, whereas in the sinus horn myocardium Cx40 is up-regulated. ra indicates

right atrium; rsh, right sinus horn; rvv, right venous valve. Bars represent 100 μm.
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Figure 4. Nkx2-5 represses Hcn4 and Tbx3 and is required to establish the atrial-SAN boundary. A, E9.0

Nkx2-5+/- and Nkx2-5-/- embryos stained whole mount for Tbx3 (n=3) and on sister sections for myocardial marker

Mlc2a and for Hcn4 (n=3). Arrow depicts the upregulation of Tbx3 and Hcn4 throughout the entire heart in absence

of Nkx2-5. B, Sister sections of Nkx2-5ires-Cre/+ (control; n=7) and Nkx2-5ires-Cre/- (hypomorphic; n=9) embryos of E14.5.

Arrows depict the expression border of SAN and atrial genes. C, Scheme depicting roles and genetic interactions

found in this study. Factors present in a given compartment are depicted in black, factors absent from a compartment

in gray. ev indicates embryonic ventricle; ift, inflow tract; lsh, left sinus horn; ra, right atrium; san, sinoatrial node;

vv, venous valves. Bars represent 100 μm.

thesis_arial_73:Opmaak 1  26-7-2009  20:50  Pagina 91



Tbx3 suppresses chamber myocardial differentiation and gene expression 

Our analysis revealed that Tbx3 could be involved in the suppression of atrial cham-

ber differentiation and repression of chamber gene expression, thus contributing to

the chamber-negative phenotype of the SAN. We analysed Tbx3 mutant embryos

which die from between E11-E13.12 Embryos that clearly survived until E11.5 had

formed a primordial SAN-like structure (Figure 5A). Moreover, Nkx2-5, Cx40 and

Nppa were not ectopically activated in this primordium, and Hcn4 expression was

maintained (Figure 5A). Notably, because Nkx2-5 is strictly required for Nppa and

Cx40 gene activity,21,22 maintenance of the Nkx2-5 boundary at the junction between

the atrium and SAN/venous pole at this developmental stage provides a likely expla-

nation for the maintenance of the SAN gene expression signature in the Tbx3 mu-

tants.

Nonetheless, Tbx3 may provide a tuning mechanism to ensure stabilization

of SAN gene expression, in particular, to ensure the absence of the atrial differentia-

tion program. To investigate whether Tbx3 is able to suppress chamber myocardial

differentiation and Nppa and Cx40 in vivo, transgenic embryos were generated that

express the human Tbx3 cDNA under the control of the -Mhc promoter, which drives

expression in the tubular heart prior to the differentiation of chamber myocardium.14,24

To evaluate possible nonspecific effects of Tbx3 overexpression, eg, by competing

for limiting cofactors, we also generated embryos that express Tbx3-LP, which con-

tains an L to P substitution at position 143 in the T-box domain that has been found

in ulnar-mammary syndrome patients.6 Tbx3-LP and Tbx3 protein showed compara-

ble stability in transfected cells,7,13 but Tbx3-LP is not able to bind to its DNA binding

sites.7 Transgenic embryos were analyzed at E9.5, after the initiation of chamber dif-

ferentiation and Nppa and Cx40 expression. These embryos were smaller but not

obviously abnormal with respect to general body patterning (Figure 5B). Hearts of

these embryos were linear, or looped to some extent, and partially or completely

failed to form chambers (Figure 5B and 5C). Section in situ hybridization showed that

Nppa and Cx40 were not expressed in these hearts, indicating that their expression

was suppressed by Tbx3 (Figure 4C and 5C). However, Hcn4 was not precociously

activated in the Tbx3-overexpressing hearts (data not shown), supporting the data

obtained in the Tbx3 mutant suggesting that Tbx3 does not directly regulate Hcn4

(Figure 4C). Tbx3-LP embryos were normal, and even though Tbx3-LP was robustly

expressed in the hearts, the morphology and the expression of Cx40 and Nppa ex-

pression were not affected (Figure 5C). We conclude that Tbx3 is able to specifically

block chamber myocardial differentiation and the expression of Nppa and Cx40 in

vivo in a DNA-binding dependent manner.
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Pitx2c suppresses SAN formation in the left side of the venous pole

The Pitx2 homeobox factor is essential for late aspects of left-right asymmetric mor-

phogenesis.25 Pitx2c-deficient mutant mice have right isomerism of the atria and ve-

nous pole.11 In situ hybridization showed that the primordial SAN does not express

Pitx2c (Figure 6A). We investigated whether Pitx2c is also involved in the placement

of the primordial SAN. Pitx2c mutant embryos of E9.5, shortly before the primordial

SAN is formed and the asymmetry of the sinus horns becomes apparent,26 have ap-

parently normal inflow tracts (not shown). However, after E10.5, shortly after initiation

of the formation of the primordial SAN, we noted that the atria had 2 sets of venous

valves, and 2 short sinus horns, indicating right isomerism of the left venous pole

(Figure 6B). Moreover, a second SAN primordium was invariably observed at the left

side. This left-sided SAN primordium showed an appropriate Hcn4-positive, Cx40

negative SAN gene program. At E15.5, the left-sided SAN contained the typical nodal

artery, and the gene expression profile of this SAN was indistinguishable from that of

the right sided SAN in the mutant, and of the SANs of wild-type littermates. We con-

clude that the default morphogenetic pathway of the venous pole leads to the forma-

tion of a right-sided sinus horn, SAN and venous valves, and that the Pitx2c pathway

suppresses SAN formation. 

Atrialization of the venous pole

From the above we, conclude that after establishment of an Nkx2-5-expressing heart

tube, the sinus horn myocardium and SAN are formed from cardiac field cells via a

novel, Nkx2-5-independent pathway and run a nodal gene program. However, from

E14.5 onward, expression of Cx40 was up-regulated in the sinus horn myocardium,

whereas that of Hcn4 was gradually lost from the sinus horn myocardium (Figure 7A

through 7D). Furthermore, the sinus horn myocardium gradually became positive for

Nkx2-5 expression (Figure 7C and 7D). Moreover, regions within the SAN initiated

Nkx2-5 expression, which now for the first time overlapped with Tbx3 expression (Fig-

ure 7E through 7G). However, Tbx3 and Hcn4 were not downregulated and the SAN

remained free of Cx40 expression (Figure 7F and 7G). Taken together, the data sug-

gest that in the fetal period, the venous pole myocardium obtains an atrial gene pro-

gram, except for the SAN, which, despite the up-regulation of Nkx2-5, still runs the

Tbx3/Hcn4-positive, Cx40-negative nodal gene program (Figure 3C). 
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Figure 5. Tbx3 suppresses chamber differentiation and Nppa and Cx40 gene expression in vivo. A, Sister

sections of E11.5 Tbx3+/+ and Tbx3-/- littermates. Arrow depicts the absence of Cx40 and presence of Hcn4 in the

SAN  primordium of both the wild-type and Tbx3-deficient embryo (n=2). A sinoatrial node primordium was observed

in 4 of 4 mutant embryos. B, E9.5 βMhc-hTBX3 and wild-type littermate. C, Serial sections of E9.5 wild-type, βMhc-

hTbx3 and βMhc-hTBX3LP embryos and a whole-mount picture of the heart region of the embryo showing the ab-

sence of Nppa and Cx40 in the Tbx3-overexpressing βMhc-hTBX3 embryo. Of βMhc-hTBX3 embryos (n=6), 3 had

linear heart tubes, 1 had a looped heart tube but no chambers, and 2 showed looping and thin-walled chambers.

Hearts of all βMhc-hTBX3LP embryos (n=5) were normal. Hearts of all wild-type littermates examined (n=30)

showed normal looping and chamber formation. avc indicates atrioventricular canal; ht, heart; lsh/rsh, left/right

sinus horn; lv, left ventricle; san, sinoatrial node. Bars represent 100 μm.
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Discussion

In this study, we demonstrate that the SAN initially forms from Nkx2-5-negative pre-

cursors, and remains largely free of Nkx2-5 expression until the onset of a second

phase of atrial myogenesis in the venous pole beginning at E14.5. Nkx2-5 is a cardiac

homeobox gene critical for heart development in all species examined thus far and

is at the core of transcriptional regulatory mechanisms that control gene expression

and differentiation in the heart.21 Heterozygous mutations in Nkx2-5 in humans cause

congenital atrioventricular conduction system defects.27 Moreover, the atrioventricular

node, which expresses relatively high levels of Nkx2-5, is hypoplastic in heterozygous

mutant mice.28 Therefore, although the SAN and the atrioventricular node share many

phenotypic features, the differential expression of Nkx2-5 is a fundamental difference

between the 2 nodes, implying that distinct regulatory mechanisms control their for-

mation and function.
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Figure 6. Pitx2c represses SAN gene program and morphogenesis at the left side. A, Sister sections of an

E13.5 wild-type embryo stained for Nkx2-5 and Pitx2c expression. Arrows indicate lack of expression of Pitx2c in

Nkx2-5-negative SAN. B, Sister sections of an E11.5 (n=5) and an E14.5 (n=11) Pitx2c-/- embryo. Arrows indicate

an Hcn4/Tbx3-positive, Nkx2-5/Cx40-negative SAN at both right and left side. avc indicates atrioventricular canal;

la/ra, left/right atrium; lsh/rsh, left/right sinus horn; lv, left ventricle; san, sinoatrial node. Bars represent 100 μm.
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Early localization of pacemaker activity and patterning of the venous pole

All embryonic cardiomyocytes of the early developing heart possess intrinsic molec-

ular pacemaker activity, which is followed by contractility slightly later. However, dom-

inant pacemaker activity is always found at the intake (inflow tract, venous pole) of

the developing heart tube.29,30 Hcn4 is required for pacemaker activity in mouse

embryos, whereas humans with a mutation in HCN4 have bradycardia.2,3 The steep

caudo-cranial expression gradient of Hcn4 observed from E7.5 in the cardiac cres-

cent31 and subsequent expression in the entire venous pole (SAN and sinus horns;

Figures 1B, 2E, and 3C) may well explain the observation that dominant pacemaker

activity is always localized at the intake. 

The embryonic heart tube elongates by recruitment of cardiac field cells to

the heart tube and inflow complex.20 In the inflow tract region, the atria are formed

first, followed after E9.5 by the sinus horns16 and the primordial SAN (this study). Ex-

pression of Hcn4 initially overlaps with that of Nkx2-5 but subsequently becomes re-

stricted to the newly recruited Nkx2-5-negative venous pole components, indicating

that Hcn4 expression is extinguished in the Nkx2-5-positive myocardium (Figures 2E

and 3C), which is fated to form the atria and atrial layer of the venous valves.16 In

line with these patterns of expression, Nkx2-5-deficient embryos showed a dramatic

ectopic expression of Hcn4 in the heart tube, explaining previous observations that

a large fraction of Nkx2-5-deficient embryos initiate beating from the embryonic ven-

tricular region rather than from the inflow tract.22 Together, these data indicate that

Hcn4 expression is initiated by unknown factors in newly formed venous pole my-

ocardium and that as the heart matures Nkx2-5 represses Hcn4, thereby confining

its expression to the Nkx2-5-negative venous pole (Figures 3C and 4C). This repres-

sive activity for Nkx2-5 on Hcn4 provides a mechanism for the progressively shift of

Hcn4 expression as well as pacemaker activity to the newly formed venous pole com-

ponents in normal embryos (Figures 3C and 4C). This mechanism provides an ex-

planation for the longstanding observation that during heart development dominant

pacemaker activity is always localized at the caudal end (intake) of the heart.29,30

Patterning and formation of the SAN

Nkx2-5-deficient embryos showed ectopic expression of Hcn4 and Tbx3 in the whole

heart tube. Furthermore, in Nkx2-5 hypomorphic fetuses the otherwise sharp expres-

sion boundary between the atria and SAN was blurred. The expression of Tbx3 and

Hcn4 extended into the right atrium, whereas Cx40 expression was specifically down-

regulated in the extended Tbx3-positive area. These observations indicate that

Nkx2-5 is required to establish the boundary between the atria and SAN and, in a

dose-dependent manner, to prevent the SAN phenotype from invading the atria, or

the atrial phenotype invading the SAN (Figure 3C and 4C).
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Figure 7. Atrialization of the venous pole. A, Sister sections of an E14.5 heart. The Tbx3-negative left sinus horn

coexpresses Cx40 and Hcn4 (red arrows). B, Section of an E17.5 wild type heart showing the downregulation of

Hcn4 in the sinus horns, whereby its expression is confined to the SAN. C and D, Sister sections of an E17.5 wild-

type heart. Black arrows show the up-regulation of Nkx2-5 and Cx40 in the sinus horns. The red arrows indicate

also some up-regulation of Nkx2-5 in the Cx40-negative SAN region. E, E15.5 (n=2) and E17.5 (n=2) Nkx2-5ires-

Cre/R26R embryos double-stained for Xgal and cTnI. Note the increase in recombination in the SAN between these

stages. F, Sister sections of an E17.5 heart show upregulation of Nkx2-5 mRNA in the Tbx3-positive SAN (red ar-

rows). G, Sister sections of an E17.5 heart show the presence of Nkx2-5 in the Cx40-negative SAN (white arrows).

cg indicates cardiac ganglion; lsh/rsh, left/right sinus horn;  na, nodal artery; ra, right atrium; san, sinoatrial node.

Bars represent 100 μm.
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A next step involves asymmetrical gene expression and morphogenesis after

E9.5, which leads to the formation of a Tbx3-expressing SAN primordium at the right

sinoatrial junction. Human patients and iv/iv mice with right isomerism have 2

sinoatrial nodes, whereas in patients and mice with left isomerism the sinoatrial node

is hypoplastic or absent.32,33 Therefore, the SAN is an integral component of the right

side-specific morphogenesis program that is repressed by Pitx2c. We found that

Pitx2c-deficient embryos form 2 SANs running the SAN signature gene program.

Therefore, the complete right-sided morphogenesis program, including Tbx3 expres-

sion, is the default program, which in the left sinoatrial region is masked and con-

verted to a left-sided program without a SAN by Pitx2c. These observations also

indicate that Pitx2c is a critical factor for the entire left morphogenetic program in the

sinuatrial region. None of the genes studied here were deregulated in other sites of

Pitx2c expression of Pitx2c mutants, including the atrioventricular canal (Tbx3) or

atria (Nkx2-5, Nppa, Cx40) (Figure 6B and data not shown), indicating that Pitx2c

does not directly control expression of these genes. Asymmetry of the venous pole

is first observed after E9.5,26 when the sinus horns are being formed from their pro-

genitors.16 Pitx2 was found to control asymmetric morphogenesis at least in part by

regulation of cell-type specific proliferation.34 It is expressed in the left-sided my-

ocardium from very early stages on and, therefore, may control proliferation of the

left venous pole myocardium as soon as it is recruited from the progenitor pool.

Finally, after E14.5 the nodal gene program becomes confined to the SAN

domain. The sinus horns, at the end of gestation recognizable as the myocardial

sleeves surrounding the right and left caval veins and sinus venarum, gradually switch

to a Cx40-positive, Hcn4-negative atrial gene program (Figure 3C). Nkx2-5 expres-

sion gradually increased toward the end of gestation, indicating that it may be re-

sponsible for the switch to the atrial gene program, although the involvement of other

factors can not be excluded at this point. However, despite the up-regulation of

Nkx2-5 expression in the SAN, Cx40 was not activated here, and Hcn4 was not re-

pressed. Therefore, we hypothesize that in the SAN primordium, Tbx3 expression is,

or has become, insensitive to Nkx2-5, and further that Tbx3 shields the SAN domain

from atrial gene expression and differentiation once Nkx2-5 is being activated in the

SAN (Figure 4C). Although this putative function of Tbx3 remains to be demonstrated,

it is consistent with the found ability of Tbx3 to suppress Nppa and Cx40, and to block

chamber differentiation in the embryonic heart tube.
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Abstract

The pulmonary vein is sleeved by myocardium, which is a major source of atrial fib-

rillation and is involved in congenital sinus venosus defects. Little is known about the

cellular origin and mechanism of formation of the pulmonary myocardium. We ob-

served a biphasic process of pulmonary myocardium formation in mice. Firstly, a my-

ocardial cell population forms de novo at the connection of the pulmonary vein and

the atrium. Genetic labeling revealed that atrial cells do not contribute to this popu-

lation, indicating it forms by differentiation of pulmonary mesenchymal cells. Secondly,

these pulmonary myocardial cells initiate a phase of rapid proliferation and form the

pulmonary myocardial sleeve. Pitx2c-deficient mice do not develop a pulmonary my-

ocardial sleeve because they fail to form the initial pulmonary myocardial cells. Ge-

netic labeling analyses demonstrated that whereas the systemic venous return

derives from Nkx2-5-negative precursors, the pulmonary myocardium derives from

Nkx2-5-expressing precursors, indicating a distinct origin of the 2 venous systems.

Nkx2-5 and its target gap-junction gene Cx40 are expressed in the atria and in the

pulmonary myocardium but not in the systemic venous return, which expresses the

essential pacemaker channel Hcn4. When Nkx2-5 protein level was lowered in a hy-

pomorphic model, the pulmonary myocardium switched to a Cx40-negative, Hcn4-

positive phenotype resembling that of the systemic venous return. In conclusion, our

data suggest a cellular mechanism for pulmonary myocardium formation, and high-

light the key-roles played by Pitx2c and Nkx2-5 in its formation and identity.
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Introduction

The pulmonary venous vessels are ensheathed by a myocardial layer known as the

pulmonary myocardium. Besides its normal physiological functions,1 the pulmonary

myocardium is a major source of atrial fibrillation.2 Several possible mechanisms for

this pathology have been put forward, including intrinsic pacemaker activity and prop-

erties that facilitate reentrance.3 A related issue, therefore, is whether the formed pul-

monary myocardium shares both origin and phenotypic properties with nodal

(pacemaker) tissues,4-7 such as the sinoatrial node and myocardium of the developing

systemic venous return (sinus venosus/sinus horn), or with the atrial myocardium,

which has a working myocardial phenotype much less prone to automaticity. The pul-

monary myocardium is also involved in congenital cardiac malformations with anom-

alous connections to the atria or systemic venous return as major defects.8

Although the morphology and physiology of the pulmonary myocardium have

been extensively studied, little is known about the developmental origin and the mo-

lecular mechanisms controlling its formation and phenotype. The pulmonary my-

ocardium has been proposed to form from atrial myocardium, which migrates around

the pulmonary vein after its connection with the atrium has been established.9,10 Al-

ternatively, because α-smooth muscle actin expression in the developing pulmonary

vein wall precedes that of myocardial markers, the lung vein mesenchyme has been

proposed to differentiate into pulmonary myocardium.11 Furthermore, the systemic

and pulmonary myocardial venous returns have been suggested to have either a sim-

ilar 12-14 or distinct15-18 origin. However, these morphogenetic and expression analyses

did not allow assessment of a shared or distinct origin. In this study, we addressed

these issues by means of genetic lineage and gene expression analyses. Using

Pitx2c knock-out and Nkx2-5 hypomorphic models, we identified critical roles of these

genes in the differentiation and phenotypic identity of the pulmonary myocardium.

Materials and Methods

Mice

The Nppa-Cre3,19 R26R,20 Nkx2-5IRESCre,21 Nkx2-5GFP,22 Pitx2c- 23 and Pitx2Cre 23 trans-

genic mouse lines have been described previously. Embryonic age was determined

according to the vaginal plug, with 12:00 PM of the day on which the plug was first

observed being taken as embryonic day (E) 0.5. Embryos and fetuses were dissected

in PBS and fixed in 4% paraformaldehyde overnight. Amnion or tail biopsy genomic

DNA was used for PCR assays to detect the Cre, lacZ or GFP transgenes. Animal
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care was in accordance with national and institutional guidelines.

Proliferation analysis by BrdU incorporation

BrdU (5-bromo-2'-deoxyuridine, Sigma, St. Louis, MO) was injected intraperitoneally

into pregnant mice (50 mg/kg body weight in PBS). One hour after BrdU injection,

the mice were sacrificed and the embryos harvested in ice cold PBS. The embryos

were fixated with methanol:aceton:water (40%:40%:20%) for 4 hours to overnight,

and processed further for immunohistochemistry.

β-galactosidase activity detection and immunohistochemical analyses

Detection of β-galactosidase activity on 20 μm cryostat sections was performed as

described.24 For immunohistochemistry on 7 μm embryo sections, the following pri-

mary antibodies were used: polyclonal antibody against cTnI (1:1000; Hytest Ltd);

polyclonal antibody against Nkx2-5 (1:250; Santa Cruz); monoclonal antibody against

BrdU (1:100; BD-Biosciences); monoclonal antibody against cleaved caspase 3

(1:200; Cell Signaling). Nuclei were stained with Sytox green (1:40000; Molecular

Probes). Sections were boiled for 10 minutes in antigen unmasking solution (H3300,

Vector) and the signal was amplified with thyramide signal amplification (TSA

NEL702, Perkin Elmer).

Non-radioactive in situ hybridization 

Non-radioactive in situ hybridization of 12 μm embryo sections was performed as de-

scribed.25 The probes for Isl126 and Hcn427 were kindly provided by S. Evans (Skaggs

School of Pharmacy, University of California, San Diego) and B. Santoro (Center for

Neurobiology and Behavior, Columbia University, New York). Other probes have been

described previously.17

3D-reconstructions

Three-dimensional visualization and geometry reconstruction of patterns of gene ex-

pression determined by in situ hybridization were carried out as described previ-

ously.28 Files with reconstructions are available upon request.
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Figure 1. The development of myocardium around the pulmonary vein. A, D, G, and J, In  situ hybridization

section staining for cTnI marking all differentiated myocardium. B, E, H, and K, Three-dimensional  reconstructions

with a dorsal view on the atria, sinus horns and pulmonary myocardium. Gray indicates cTnI and Cx40-positive

myocardium; blue, cTnI-positive, Cx40-negative myocardium. C, F, I, and L, The same reconstructions with a caudal

view, complemented with lumen. Red indicates pulmonary vein lumen; orange, caval vein lumen. PV, pulmonary

vein; RA, right atrium; LSH, left sinus horn; R/LV, right/left ventricle. Bars represent 100 μm.
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Results

Development and expression analysis of the pulmonary vein myocardium

We first analyzed the formation of the pulmonary myocardium by in situ hybridization

and 3D reconstruction. At E10.5, the pulmonary vein is surrounded by mesenchymal

cells (Figure 1A). Using cardiac troponin I (cTnI) to mark all differentiated my-

ocardium, the first myocardial cells became visible in this population at E11.5 to E12

(Figure 1A and 1B). Three-dimensional reconstruction of a heart of E12.5 (Figure 1B

and 1C) shows that myocardium is present around the base of the pulmonary vein

but absent around its lumen. These myocardial cells expressed connexin 40 (Cx40),

an atrial marker initially absent from the systemic venous return myocardium.17 From

E12.5 onwards the Cx40-positive myocardial sleeve around the pulmonary vein

started to extend and cover the stem of the pulmonary vein but not the branches (Fig.

1D-F). From E14.5 onward, the branches of the vein that penetrate deeply into the
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Figure 2. Genetic lineage analysis of the pulmonary myocardium. A, Whole-mount 5-bromo-4-chloro-3-indolyl

β-D-galactoside (Xgal)-stained heart of an Nppa-Cre3/R26R embryo. B, Section of an Nppa-Cre3; R26R embryo

stained for Xgal. C and D, Nkx2-5IRESCre; R26R double transgenic hearts double-stained for β-galactosidase activity

and cTnI protein. Arrow head depicts the β-galactosidase positive mesenchymal precursors. E, Transverse serial

section of an E9.5 wild-type embryo stained for Isl1. F and G, Sagittal serial sections of an E10.5 wild-type embryo

stained for Isl1 and cTnI. Black arrowhead points to the second heart field; asterisk depicts the precursors of the

pulmonary myocardium. PV indicates pulmonary vein; (R/L)A, (right/left) atrium; R/LSH, right/left sinus horn; AVC,

atrioventricular canal; (R/L)V, (right/left) ventricle; DM, dorsal mesocardium; IFT, inflow tract; PP, pulmonary pit.

Bars represent 100 μm.
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lungs were also covered by pulmonary myocardium (Figure 1G through 1L). This tree

subsequently enlarges in the following period to reach far into the smallest lung

veins.29 Taken together, between E10.5 and E12.5 a process of myocardium forma-

tion is observed around the pulmonary vein. Thereafter, this myocardial tree rapidly

expands around the pulmonary vein branches.

The origin of the pulmonary vein myocardium

We next asked whether the first pool of pulmonary myocardial cells at the base of

the pulmonary vein at E11.5 to E12.5 was derived from atrial myocardial cells or from

pulmonary mesenchymal cells that differentiate into myocardium. Markers or tools to

assess a mesenchymal origin are lacking. Therefore, we used the genetic Cre-LoxP

labeling system to label the atrial cells. By crossing Nppa-Cre3 mice19 with the R26R

reporter line,20 the atrial cells and their daughters irreversibly activate the lacZ gene

between E10.5 and E12.5 (Figure 2A).30 At E17.5, the now well-established pul-

monary myocardium did not express lacZ (Figure 2B), indicating that it is not derived

from migrating labeled atrial myocardium. This experiment suggests that the first pul-

monary myocardium forms de novo by differentiation of mesenchyme around the pul-

monary vein.

The sinus horn myocardium and its mesenchymal progenitors do not express

Nkx2-5 (Figure 2C).18 To assess whether the sinus horn and the pulmonary

myocardium have a shared or distinct origin, we analyzed Nkx2-5+/IRES-Cre; R26R dou-

ble transgenic embryos,21 in which the cells that express or once expressed Nkx2-5,

and their daughters, are irreversibly labeled with an activated lacZ gene. All atrial and

ventricular myocardium is labeled in these embryos, including the pulmonary my-

ocardium (Figure 2C and 2D). Moreover, at E10.5 and E11.5 the mesenchymal car-

diac precursors in the dorsal mesocardium were also found to be labeled (Figure 2C).

Thus, the pulmonary myocardium and the sinus horn myocardium are derived from

precursors that are distinct early in pulmonary myocardium development. 

The transcription factor Isl1 is required for the formation of the heart tube by

recruitment of second heart field progenitor cells.26 Shortly after myocardial differen-

tiation, Isl1 expression is extinguished in the second heart field derived cells,26 and

this results in a transient coexpression of Isl1 and myocardial markers.18 We investi-

gated whether the pulmonary precursor population expresses Isl1. At E9.5, the pre-

sumed precursors in the dorsal mesocardium around the pulmonary pit are highly

positive for Isl1 expression, indicating that the pulmonary vein precursors are a com-

ponent of the second heart field (Figure 2E). However, the expression decreases

sharply after E10 (Figures 2F and 2G) and by E11.5 the mesenchymal cells around

the pulmonary vein are Isl1-negative (data not shown). These data indicate that ap-

proximately 1 to 2 days prior to pulmonary myocardium formation, Isl1 expression is
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turned off.

We next assessed the spatiotemporal pattern of proliferation of the pul-

monary vein region. At E10.5 and E11.5, the mesenchymal cells at the base of the

pulmonary vein revealed a moderate fraction of BrdU-positive nuclei (19%, see below

and Figure 5B) in comparison with the surrounding myocardial and mesenchymal tis-

sue (Figure 3A). One day later, at E12.5, a very high fraction of the newly formed pul-

monary myocardium showed BrdU-labeling (37%, see below and Figure 5B),

indicating that these cells, upon their initial myogenic differentiation, underwent a

phase of rapid proliferation (Figure 3B). At E13.5 and E14.5, the pulmonary my-

ocardium still proliferated rapidly compared to the atrial myocardium (Figure 3C and

3D). These findings suggest that subsequent to its formation between E11.5 and

E12.5, the pulmonary myocardium initiates rapid proliferation to envelope the pul-

monary vein.

A Pitx2c-dependent mechanism for the formation of the pulmonary myocardium

Pitx2c, a bicoid related homeodomain protein, is required for left-right patterning of

the visceral organs, including the atria and systemic venous return of the heart.31

Pitx2c is highly expressed in the pulmonary myocardium.32 Previously, Pitx2c-defi-

cient fetuses were found to have a common medial sinus venosus, into which both

the horns of the sinus venosus and the pulmonary vein drain.23 This raised the ques-

tion whether failure to specify the pulmonary and sinus horn myocardium underlies

this defect in Pitx2c-deficient mice. Consistent with previous findings, 23 we found

that in Pitx2c mutants the pulmonary vein connects in the midline of the right-isomeric

atria (Figure 4A and 4B). The sinus horns of the wild-type fetus and the right isomeric

sinus horns of the Pitx2c-deficient fetus (aqua blue) did not express Nkx2-5 (Figure

4A). However, in both wild-type and mutant, the pulmonary vein enters at a separate

position from the Nkx2-5-negative sinus horn myocardium, and directly engages the

Nkx2-5-positive atrial myocardial domain (gray) (Figure 4A). Thus, despite the ap-

parent convergence of the systemic and pulmonary entrances in Pitx2c mutants, the

sinus horn myocardium and the mediastinal myocardium around the pulmonary vein

entrance retain their molecular identity.

We observed a striking absence of myocardium around the pulmonary vein

in all (n=24) Pitx2c mutant fetuses studied (Figure 4A). Expression of early cardiac

markers Tbx5, Tbx20, and Nkx2-5 (Figure 4B and data not shown) and late markers

for differentiated myocardium (cTnI, Serca2a; Figure 4B and data not shown) was

absent around the pulmonary vein. However, the lumen of the pulmonary vein was

normally formed, surrounded by an intact endothelial cell layer (data not shown). De-

tailed analysis showed the complete absence in mutants of the first pulmonary my-

ocardial cell population that normally forms around E12 (Figure 5A). Consistently, in
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the absence of this population, the phase of rapid proliferation is not initiated (Figure

5A and 5B). In both mutants and controls, apoptosis, assessed by cleaved caspase

3-detection, did not occur in the region where the pulmonary myocardium develops

at E11.5 and E12.5 (data not shown).

Closer examination of the Pitx2 pattern revealed its expression in the pul-

monary mesenchyme at E10.5 to E12.5, before and during pulmonary myocardium

formation (Figure 5C). In contrast, after E12.5, Pitx2 expression became confined to

the pulmonary myocardium itself, and was not seen in the pulmonary mesenchyme

ahead of the expanding pulmonary myocardium (Figure 5D). A similar developmental

expression profile was observed for Nkx2-5 (Figure 2C, 2D and 5E), which is required

for second heart field deployment and the expression of which normally precedes

myocardium differentiation.33 Previous analysis indicated that in the absence of Pitx2

protein, transcription of the Pitx2 gene (visualized by recombination by a Pitx2Cre allele

in which the inserted Cre gene inactivates the Pitx2 gene and mimics the Pitx2 ex-

pression pattern) was strongly reduced around the pulmonary vein.23 Consistent with

these findings, we observed a complete lack of recombination by the Pitx2Cre allele

in the pulmonary vein of Pitx2 mutants (Figure 5F). Together, the observations are

compatible with a 2-step model. Firstly, Nkx2-5/Pitx2-positive mesenchyme differen-

tiates to Nkx2-5/Pitx2-positive pulmonary myocardium. Secondly, the pulmonary my-

ocardium expands by rapid proliferation and expansion (potentially migration) of the

pulmonary myocardial cells. In the absence of Pitx2c, the formation and hence sub-

sequent expansion of the pulmonary myocardium does not occur, resulting in a failure

to form the pulmonary myocardial tree.
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Figure 3. Initiation of rapid proliferation in newly formed pulmonary myocardium. A through D, Sections of

subsequent stages stained for cTnI, BrdU and sytoxgreen. Arrowheads depict high proliferation in the pulmonary

myocardium. PV indicates pulmonary vein; RA, right atrium. Bars represent 100 μm. 
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Nkx2-5 is required for pulmonary myocardial gene program

The sinus horn myocardium expresses neither Cx40 nor its essential activator

Nkx2-5, whereas the pulmonary myocardium does express Cx40 and Nkx2-5 (Figure

1, 6A, and 6B).17,18 Furthermore, Hcn4, encoding an essential pacemaker chan-

nel,27,34,35 was found not to be expressed in the pulmonary myocardium, whereas it

is abundantly expressed in the sinus horn myocardium (Figure 6B).18,27 Thus, the

pulmonary myocardium and atrial myocardium share the expression profile of several

key-genes, whereas the sinus horn myocardium displays a distinct profile.

Nkx2-5 is one of the earliest pre-cardiac markers and is required for heart

formation, chamber differentiation,36 and for the expression of Cx40.37 This raised

the question whether Nkx2-5 is involved in the differentiation and phenotypic identity

of the pulmonary myocardium. It is not possible to assess the function of Nkx2-5 in

the pulmonary myocardium using Nkx2-5-null embryos, as their heart development

arrests at E10, prior to the development of pulmonary myocardium. Therefore, we

analyzed Nkx2-5IRES-Cre/GFP embryos, which have 1 null allele (Nkx2-5GFP 22) and 1 allele

in which an IRES-Cre cassette has been inserted into the 3’ untranslated region of

the Nkx2-5 gene,21 resulting in an hypomorphic allele producing less than normal

Nkx2-5 levels in the heart and pulmonary myocardium (Figure 6A).33 Nkx2-5IRES-Cre/GFP

fetuses have less severe defects than the null mutants and die at birth with atrial and

ventricular septal defects.33 cTnI-expressing myocardium around the pulmonary vein

developed normally in Nkx2-5IRES-Cre/GFP fetuses, even though, because of the absence

of an atrial septum primum, the orifice of the pulmonary vein appeared to enter more

towards the middle of the common atrium (Figure 6B). However, a change in the

gene program of the pulmonary myocardium was observed. Sinus horn marker Hcn4

was no longer restricted to the sinus horns, but extended into the pulmonary my-

ocardium (Figure 6B). Cx40, on the other hand, was almost completely absent from

the pulmonary myocardium in these hypomorphic embryos, whereas atrial expression

was still observed (Figure 6B). The expression of Pitx2 was unaltered (data not

shown), suggesting that Nkx2-5 does not regulate Pitx2 expression in the pulmonary

myocardium, as has been found to occur earlier in the cardiac lateral plate mesoderm

via direct Nkx2-5 binding to a consensus DNA binding site within the asymmetry en-

hancer element (ASE) of Pitx2.38 Thus, reduction of Nkx2-5 levels results in an ex-

pression pattern in the pulmonary myocardium partly resembling that of the sinus

horn myocardium. 
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Figure 4. Formation and identity of the pulmonary myocardium in Pitx2c-deficient fetuses. A, Three-dimen-

sional reconstructions of an E14.5 wild-type embryo (left) and a Pitx2c knock-out littermate (right) with a dorsal

(top) and caudal view (bottom) on the atria, sinus horns and pulmonary vein. Gray indicates Nkx2-5-positive myo-

cardium; aqua, Nkx2-5-negative myocardium; red, lumen pulmonary vein; orange, lumen caval veins. B, In situ

hybridization serial sections of an E14.5 wild-type heart (top images) and of a littermate Pitx2c knock-out heart

(bottom images) stained for cTnI, Tbx5 and Nkx2-5. PV indicates pulmonary vein; PM, pulmonary myocardium;

R/LSH, right/left sinus horn; (R/L)A, (right/left) atrium. Bars represent 100 μm.
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Figure 5. In the absence of Pitx2c, the formation and subsequent expansion of the pulmonary myocardium

does not occur. A, E12.5 and E13.5 immunohistochemistry sections stained for cTnI, BrdU and sytoxgreen showing

the difference in proliferation between the wild-type and Pitx2c-/- embryos (arrow heads). B, Assessment of the frac-

tion of BrdU-poitive nuclei in the area around the pulmonary vein (n=3). C, Subsequent sections stained with in

situ hybridization for Pitx2 showing the expression of Pitx2 in the left lung mesenchyme at E9.5 and, later,  the con-

finement to the pulmonary myocardium. D and E, In situ hybrydization serial section stained for cTnI and Pitx2 (D,

E13.5) or cTnI and Nkx2-5 (E, E14.5). Arrow heads show the confinement of Pitx2 and Nkx2-5 expression to the

pulmonary myocardium. F, Pitx2Cre; Pitx2c+; R26R and Pitx2Cre; Pitx2c- ;R26R lungs with the pulmonary myocardium.

The absence of -galactosidase activity in the Pitx2Cre; Pitx2c-; R26R pulmonary vein indicates the absence of cells

with Pitx2-gene activity. PV indicates pulmonary vein; RA, right atrium; LB, lung bud; R/LL, right/left lung. Bars re-

present 100 μm.

Chapter 6 - Development of pulmonary myocardium

6

thesis_arial_73:Opmaak 1  26-7-2009  20:50  Pagina 115



Discussion 

Origin and formation of the pulmonary myocardium 

The origin of the pulmonary myocardial cells has remained controversial. Based on

gene expression profiles, 2 possible pools of cells for the pulmonary myocardium

have been hypothesized: atrial cells that migrate around the pulmonary vein9,10,39 and

mesenchymal cells that differentiate into myocardium.11 Our analyses indicate a

biphasic model for the development of the pulmonary myocardium that unites both

hypotheses (Figure 7). Firstly, a myocardial population forms de novo at the connec-

tion of the pulmonary vein and the atrium. Secondly, the pulmonary myocardium ex-

pands by proliferation and expansion (potentially migration) to form the pulmonary

myocardial sleeve.

During the first phase, the pulmonary myocardial cells seem to replace pul-

monary mesenchymal cells around the proximal pulmonary vein. The absence of

Nppa-Cre3-derived atrial cells in the pulmonary myocardium indicates that atrial cells

do not invade the pulmonary mesenchyme, which in turn suggests they form by

differentiation of the mesenchyme into pulmonary myocardium. Furthermore, during

the formation of the first pulmonary myocardial cells, we observed expression of

Nkx2-5 in the pulmonary mesenchyme. Because, during cardiac differentiation,

Nkx2-5 expression normally precedes the expression of markers for differentiated

myocytes such as cTnI, this further suggests that the first pulmonary myocardial cells

are formed from the mesenchyme by direct differentiation. In the absence of Pitx2c,

the formation of the first population of pulmonary myocardial cell does not occur.

Because apoptosis was not observed in this region of mutants, this indicates that

Pitx2c is not required for maintaining these cells. Therefore we propose that Pitx2c

is required for the differentiation of the mesenchymal cells into pulmonary my-

ocardium. Recently, Pitx2 has been implicated in branchial arch muscle formation,40,41

providing support for this possibility. Alternatively, Pitx2c may be required to bring

about the correct juxtaposition of inducing tissue with pulmonary mesenchyme.

The second phase of pulmonary myocardium formation involves rapid ex-

pansion of pulmonary myocardium along the pulmonary vein (Figure 7) either by pro-

liferation and potentially migration of the pool of pulmonary cardiac cells formed

during the first phase, or by progressive differentiation of mesenchymal cells adjacent

to the pulmonary vein. Immediately after its formation, the pulmonary myocardial pool

was seen to initiate very rapid proliferation, underlining the notion that outgrowth and

possibly migration underlies expansion of the pulmonary myocardial sleeve. Further-

more, before pulmonary myocardium formation, the expression of Nkx2-5 and Pitx2

was observed in the mesenchyme, but during the second phase, their borders of ex-

pression coincided with that of cTnI. These findings argue against a wave of differ-
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entiation, because in this scenario, the expression of Nkx2-5 and Pitx2 would be ex-

pected to precede that of cTnI in the mesenchyme before its myocardial differentia-

tion. Expression of the Pitx2 gene in the absence of Pitx2 protein (visualized by

recombination by the Pitx2Cre allele in Pitx2Cre;Pitx2c-;R26R embryos) was strongly

reduced23 or even absent around the pulmonary vein branches (Figure 5F). The fail-

ure to activate Pitx2Cre expression could indicate that Pitx2 is required to induce the

Pitx2 gene in adjacent cells, ie, through regulation of signaling molecules.42 Alterna-

tively, Pitx2 could be required for its own activation. However, this is unlikely as

Pitx2Cre expression is not affected elsewhere in the heart. Because Pitx2 mutants

failed to initiate rapid proliferation of the cells around the pulmonary vein, we hypoth-

esize that Pitx2Cre-expressing daughter cells fail to proliferate or to migrate into the

pulmonary vein in the absence of Pitx2 protein in Pitx2 mutants. Taken together, our

results indicate that expansion of Pitx2/Nkx2-5/cTnI-positive cells by rapid prolifera-

tion underlies the formation of the pulmonary myocardium along the pulmonary vein

branches.

Distinct origin and identity of pulmonary and sinus horn myocardium

Sinus venosus defects involve the formation of abnormal connections between the

sinus venosus and the pulmonary vein. To understand the underlying mechanisms,

insight into the developmental origin of the sinus horns and pulmonary vein is re-

quired. This issue has been controversial, with studies arguing in favor of a com-

mon12-14 or a distinct origin.15-18 We found that the pulmonary myocardium develops

from Nkx2-5-positive precursors, whereas the sinus horn myocardium develops from

Nkx2-5-negative precursors. Thus, the precursors of the pulmonary myocardium

seem to derive from the second heart field, which is marked by Nkx2-5,43 the precur-

sors of the sinus horn myocardium not.18 These 2 distinct precursor lineages are es-

tablished already at E9.5, when the sinus horns form. Therefore, the mechanism

underlying sinus venosus defects, which affects both sinus horns and pulmonary vein,

may have to be sought in misspecification of mesenchymal precursors to a systemic

or pulmonary myocardium fate prior to E9.5 or in a defect in a morphogenetic process

such as proliferation or differentiation in otherwise correctly specified precursors, re-

sulting in defects involving both venous returns.

The phenotype of the pulmonary myocardium depends on Nkx2-5

The pulmonary myocardium is an important source of ectopic electrical activity that

initiates atrial fibrillation.2,3 Two potential arrhythmogenic mechanisms have been pro-

posed.3 First, the pulmonary myocardium might have properties largely similar to that

of the atrial working myocardium, but tissue architecture (fiber direction, fibrosis) could

cause conduction delay favoring reentry, which may cause maintenance of atrial fib-
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Figure 6. The role of Nkx2-5 in the development of the pulmonary myocardium. A, Immunohistochemistry

sections of an E13.5 Nkx2-5+/GFP embryo and an Nkx2-5IRESCre/GFP littermate stained for Nkx2-5. Arrowheads depict

Nkx2-5 expression in the pulmonary myocardium. B, Serial sections of an E14.5 Nkx2-5IRESCre/+ embryo and an

Nkx2-5IRESCre/GFP littermate stained for cTnI, Hcn4 and Cx40. Black arrowheads show the expression of Hcn4 and

absence of Cx40 in the sinus horns and the absence of Hcn4 and presence of Cx40 in the pulmonary vein. Red

arrowheads show  the switch of the pulmonary myocardium to Hcn4 expression and absence of Cx40 when

Nkx2-5 levels are reduced. PV indicates pulmonary vein; R/LA, right/left atrium; R/LSH, right/left sinus horn; (L)VV,

(left) venous valve(s). Bars represent 100 μm. 
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rillation. Secondly, the presence of automaticity and triggered activity in pulmonary

myocardial cells has been found. This suggests that the pulmonary myocardium might

have properties resembling those of nodal (automatic) cells such as conduction sys-

tem cells, or to have properties for triggered activity. Sinus node pacemaker cells

have been found in pulmonary veins of rat hearts, as determined by light and electron

microscopy.4 In the pulmonary veins of patients with atrial fibrillation, P cells, transi-

tional cells, and Purkinje cells have been documented.5 Further indication of a relation

between the conduction system and the pulmonary vein came from Leu76 and Hnk-

112 expression analyses and analysis of the CCS-lacZ line, which marks both the

conduction system and the pulmonary vein.7 However, as the relation between the

expression of these markers and the nodal conduction system phenotype has not

been established, the significance of coexpression in conduction cells and pulmonary

vein is not clear. 

Our observations in normal embryologic development indicate that pul-

monary myocardium from the outset of its formation has an atrial myocardial-like phe-

119

Figure 7. Two-step model for the formation of the pulmonary myocardium (pulm. myoc.). Pulmonary mesen-

chyme (pulm. mesen.) differentiates in myocardium or, alternatively but less likely, is invaded by atrial myocardium.

This process depends on Pitx2c. The newly formed pulmonary myocardium then initiates a phase of rapid prolife-

ration and expands to form the myocardial sheet around the pulmonary vein branches.
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notype. The expression of the conducting gap-junctional protein Cx40, essential for

fast atrial conduction44 and not expressed in the sinoatrial and atrioventricular

nodes,45,46 was initiated in the pulmonary myocardium47,48 with its formation. In addi-

tion, the pulmonary myocardium did not express Hcn4, a pacemaker channel essen-

tial for pacemaker activity in human34,35 and embryonic mice34 that is expressed

specifically in nodal tissues. This is in contrast to the myocardium of the developing

systemic venous return, including the developing sinoatrial node, which runs an Hcn4-

positive, Cx40-negative sinoatrial node-like gene program, compatible with the ability

to spontaneously generate impulse. Our data, therefore, argue against the possibility

of a nodal-like phenotype in the pulmonary myocardium in normal development.

Our data, however, present a possible scenario for how conversion to a nodal

phenotype might occur during abnormal development. Whereas a reduced dose of

Nkx2-5 allows formation of the pulmonary myocardium, we found an identity shift of

the pulmonary myocardium to a sinus venosus-like (ie more nodal) phenotype, with

loss of Cx40 and ectopic expression of Hcn4. We previously observed that in

Nkx2-5-deficient embryos Hcn4 is activated in the entire embryonic heart tube,

whereas Cx40 expression is lost.49 Thus, with the reduction in level of only a single

transcription factor, a gene program potentially sufficient to provide automaticity is

activated in the pulmonary myocardium, indicating that the atrial identity of the pul-

monary myocardium is more labile than that of the atria and sensitive to genetic dis-

turbances. This sensitivity suggests that genetic variation between individuals could

be an important contributing trigger to the development of atrial fibrillation. Although

possible genetically induced automaticity will usually be suppressed by normal elec-

tric coupling, an increase in collagen deposition and architecture with major changes

in fiber direction can cause disconnection between cells, thus facilitating the devel-

opment of atrial fibrillation.
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Abstract

Closure of the primary atrial foramen is achieved by fusion of the atrioventricular

cushions with the mesenchymal cap on the leading edge of the muscular primary

atrial septum. A fourth component involved is the vestibular spine, originally described

by His in 1880 as an intra-cardiac continuation of the extra-cardiac mesenchyme of

the dorsal mesocardium. The morphogenesis of this area is of great clinical interest,

because of the high incidence of atrial and atrioventricular septal defects. Nonethe-

less, the origin of the participating components is largely unknown. Here we report

that the primary atrial foramen is surrounded in its entirety by mesenchyme derived

from endocardium. A second population of mesenchyme not derived from endo-

cardium was observed at the caudal margin of the mesenchymal atrial cap, entirely

embedded within the mesenchyme derived from endocardium and contiguous with

the mesenchyme of the dorsal mesocardium. Our reconstructions show this second

population does indeed take the form of a short spine, albeit that it is the right pul-

monary ridge, rather than this spine, that protrudes into the atrial lumen. From the

stance of morphologic description, therefore, there is little thus far to substantiate the

existence of an atrial spine.
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Introduction

It is currently thought that the atrioventricular (AV) cushions, along with the primary

atrial septum and the mesenchymal cap carried on its leading edge, are the main

contributors to the process of atrial septation. A growing body of evidence points to

the involvement of a fourth component, namely the vestibular spine (“spina

vestibuli”).1-8 The vestibular spine was initially nominated as playing such a role in

1880, by Wilhelm His the elder.9 He described the spine as a triangular mesenchymal

wedge, which protruded into the lumen of the atrium from a non-muscular area, which

he called the “area interposita”, in the dorsal wall of the common atrium (Fig. 1, stip-

pled circle). The spine then disappeared from view for more than a century, eventually

being retrieved by several workers,1,2,4-6,10,11 albeit with disagreements concerning

the form and origin of this tissue. To clarify this, we have performed a lineage study

using Tie2-Cre mice12 to label endocardium and endocardium-derived mesenchyme,

in combination with three-dimensional reconstructions13 to permit independent eval-

uation of the structures involved in atrial septation.

Materials and Methods

The Tie2-Cre and R26R transgenic mouse lines have been described previously.12,14

Detection of ß-galactosidase activity and immunohistochemistry were performed on

20 µm thick cryostat sections.15 Non-radioactive in situ hybridization analysis was

performed on 12 µm thick paraffin sections16. Three-dimensional visualization and

geometry reconstruction of patterns of gene expression was then achieved.13,17 Movie

clips of these reconstructions are available upon request.
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Results

At embryonic day (E) 9.5, it is possible to recognize two ridges, of equal size, at the

connection of the dorsal mesocardium to the atrium, the right and left pulmonary

ridges (R/LPR; Figure 2A1 through 2A5). The area nominated by His as the “area in-

terposita” is seen in our E9.5 reconstructions as the mesenchymal area between

these ridges, contiguous with the dorsal mesocardium. It is made up of mesenchyme,

which is not derived from endocardium, as it is negative for ß-galactosidase, in con-

trast to all the mesenchyme within the AV canal and atrium, which is at this stage de-

rived from the endocardium by epithelial-to-mesenchymal transformation (Figure

2A2). Differentiation of the mesenchyme of the dorsal mesocardium into atrial my-

ocardium at the pulmonary ridges is indicated by the difference in expression of Mlc2a

mRNA, a marker for early myocardium formation (Figure 2A4) and Serca2a protein,

which identifies overt differentiated myocardium only (Figure 2A3). The expression

of the transcription factor Islet1 (Figure 2A5), a marker for the second heart field,18

underscores the notion that this region is a cardiogenic area. 

At E10.5 (Figure 2B1 through 2B5), ß-galactosidase-negative mesenchyme,

hence not derived from the endocardium, develops in the inter-positioned area be-

tween the pulmonary ridges, and also on top of the right pulmonary ridge (Figure

2B3-4). This area connects caudally with the inferior AV cushion and cranially with

the mesenchymal cap crowning the tip of the muscular primary atrial septum, which

both are composed of mesenchyme, which is derived from the endocardium (Figure

2B5). By E10.5, the cap itself connects cranially with the superior AV cushion (Figure

2B1-2). This finding is confirmed by analysis of sections of the embryos from E11.5

(Figure 2C1 through 2C6). Thus, the mesenchyme derived from the endocardium

forms a ring around the primary foramen, albeit sparsely at its most dorsal side ad-

jacent to the mesocardium. The mesenchyme that is not derived from endocardium

develops at the exact side at which His described formation of the vestibular spine,

albeit that we did not observe any mesenchymal protrusion into the atrial lumen other

than the right pulmonary ridge, which contributes to the primary atrial septum. Unlike

the cap on the primary atrial septum, the mesenchyme not derived from the endo-

cardium expresses levels of collagen comparable with those found in the mes-

enchyme of the body (Figure 2C2). After E11.5, the mesenchymal cap on the atrial

septum, which is derived from endocardium, along with the non-endocardium-derived

mesenchyme forming the inter-positioned area, fuse with the inferior and superior AV

cushions (Figure 2C5-6), thus closing the primary atrial foramen.
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Discussion

We have shown that two distinct populations of mesenchymal cells are found within

the developing atrial chambers. In Tie2-Cre/R26R double transgenic embryos, which

show the lineage of tissues derived from the endocardium, the AV cushions and the

cap on the leading edge of the primary muscular atrial septum are marked, as previ-

ously suggested.19,20 Sections from these embryos also show that the mesenchymal

cells in the dorsal part of the heart, contiguous with the dorsal mesocardium, are not

derived from the endocardium. Because the only known source of cardiac mes-

enchyme at the venous pole of the heart is that derived by transformation from en-

docardium, we presume that these additional mesenchymal cells take their origin

from outside the heart. Such an extra-cardiac origin has been suggested previously2,5-

7,11 but, as far as we are aware, has not been proven and the extent of this region of

mesenchyme has not previously been charted. When seen in section, the mes-

enchyme takes the form of a spine (Figure 2C1 and 2D2), but the spine is not visible

from the atrial lumen, since it is embedded within the mesenchyme that is derived
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Figure 1. Reproduction of His' original figure 979 (A) depicting the dorsal half of a human embryonic heart, with a

crown-rump length of 4.25 millimeters (28 days of human development, mouse E10), showing the non-muscular

area in the dorsal wall of the atrium. His called this region the 'area interposita' (stippled circle). Reproduction of Fi-

gure 98 (B) of a human heart from an embryo of 10 millimeters crown-rump length (38 days human development,

mouse E11.5) showing the elevation that His named the “spina vestibuli” (red arrow). This area is positioned caudally

and to the right of the primary atrial septum. Red arrow, spina vestibuli; SCV, superior caval vein; PAS, primary

atrial septum.
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Figure 2. Characterization of the mesenchymal tissues surrounding the primary atrial foramen at E9.5 (A1-

5), E10.5 (B1-5) and E11.5 (C1-6). 3D reconstruction (A1); Tie2-Cre/R26R transverse sister cryosections stained

for ß-galactosidase (A2) and Serca2a (A3); Wild-type transverse sister sections stained for Mlc2a (A4) and Islet1

(A5). 3D reconstruction, frontal view of dorsal atrial wall (B1) and left lateral view (B2); Tie2-Cre/R26R whole mount

ß-galactosidase stained transverse sections, double-stained for Serca2a (B3-5). Tie2-Cre/R26R whole mount ß-

galactosidase stained sagittal sister sections double-stained for cardiac Troponin I (C1), and collagen III (C2); Sister

sagittal cryosections stained for ß-galactosidase (C3) and Serca2a (C4). Sister transverse cryosections stained

for ß-galactosidase (C5) and Serca2a (C6). The diagrams (D1 and 2) depict schematic midsagittal sections of the

atria; morphology (D1); lineage (D2); grey, myocardium; yellow, mesenchyme; blue, endocardium-derived mesen-

chyme (EDM); red, non-endocardium-derived mesenchyme (NEDM).  Abbreviations: DM, dorsal mesocardium;

L/RSI, left/right systemic inflow; L/RPR, left/right pulmonary ridge; AI, area interposita; (L/R)A, (left/right) atrium;

(s/i)AVC, (superior/inferior) atrioventricular cushions; V, ventricle; L/RVV, left/right venous valve; SAJ, sinoatrial

junction; PV, pulmonary vein; PAS, primary atrial septum; PF, primary foramen; OFT, outflow tract; CAP, mesen-

chymal cap on the leading edge of the primary atrial septum; BM, body mesenchyme. Bars represent 100 µm. 
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from the endocardium. From the stance of morphologic description, apart from ac-

knowledging the importance of the original description by His, there is little thus far

to substantiate the existence of an atrial spine. 

Previous divergent opinions, therefore, have reflected the difficulties involved

in unequivocal morphological delineation of the spine, along with the unproven as-

sumption that the spine has an extra-cardiac origin2,5-7,11 as opposed to an endocar-

dial origin.19,21 Given these ambiguities in the description of the spine by the different

authors it is difficult to assess whether the atrial septal defects observed in the trisomy

16 mouse model3 and human fetuses with Down’s syndrome7 are due to impairment

of the formation of extra-cardiac mesenchyme or of endocardium-derived mes-

enchyme.

We believe that our current investigation has reconciled these problems, sug-

gesting that the mesenchyme that forms the antero-inferior rim of the primary atrial

septum takes origin from both intra-cardiac and extra-cardiac sources. The non-en-

docardium-derived mesenchyme is located in an area that is highly active in my-

ocardium formation22 as apparent from the expression of Islet1, a marker for the

second heart field.18 Most likely, therefore, this mesenchyme muscularises to form

the buttressed inferior rim of the primary atrial septum.
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Congenital heart defects are the most commonly found congenital defects accounting

for 25% of all birth defects. A large number of congenital heart defects originate from

the venous pole of the heart, including sinus venosus defects, atrial septal defects

and anomalous connections of the pulmonary veins. The venous pole region is not

only a common location of anatomic malformations, but is also frequently involved in

cardiac arrhythmias, like atrial fibrillation and sick sinus syndrome.

In this thesis, we focus on the development of the myocardium at the venous

pole of the heart. The venous pole of the heart includes the myocardium of the atrial

body, the myocardium clothing the systemic caval veins, also known as the sinus

venosus myocardium, and the myocardium clothing the pulmonary veins. We provide

novel insights into how the sinus venosus and pulmonary myocardium develop, from

the nature and location of their progenitors in the cardiac crescent to the mechanisms

of formation of the actual myocardial structures and what can go wrong during the

development of these areas. The introduction, Chapter 2, shortly summarizes the

development of the venous pole and discusses the possible underlying causes of ab-

normal electrophysiological properties in the setting of atrial fibrillation from a devel-

opmental point of view. Atrial fibrillation is the most commonly encountered cardiac

arrhythmia in clinical practice and affects approximately 1% of the total population,

and one-tenth of those surviving to reach the age of 80 years. Both the myocardium

surrounding the caval veins and the myocardium surrounding the pulmonary veins

are found to be a location of origin of atrial fibrillation, with the great majority being

found to originate from the myocardial sleeves clothing the pulmonary veins. Knowl-

edge about the development of the venous pole from the work in this thesis and lit-

erature is combined to try to understand why certain regions in the heart are the

favoured sites for arrhythmogenesis. 

In the next three chapters we concentrate on the development of the sinus

venosus myocardium. The embryonic sinus venosus is composed of a right and left

myocardial sinus horn. The right horn will form the proximal myocardial parts of the

superior and inferior caval veins along with the floor of the systemic venous sinus.

The left horn persists as the left-sided superior caval vein in the mouse, but becomes

the coronary sinus in human. 

In Chapter 3 the origin of the sinus venosus progenitors in the cardiogenic

mesoderm in relation to the other cardiac progenitors is studied. The initial embryonic

heart tube is formed when two bilateral cardiogenic mesodermal regions in the

splanchnic mesoderm, the first heart field, differentiate into myocardium and fuse at

the midline. Cells that are located medial in the cardiogenic mesoderm, called ‘second

heart field’ cells, will contribute to the arterial and venous pole and dorsal meso-

cardium after initial formation of the heart tube, causing the heart tube to elongate.

In this study, using DiI-labeling and short term lineage analysis, we showed that the
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sinus venosus progenitor population is localized caudal in the cardiogenic splanchnic

mesoderm, lateral of all other cardiac progenitors. Due to folding of the embryo the

second heart field progenitors are relocated to dorsal of the heart tube, whereas the

sinus venosus progenitors become located ventral of the venous pole. Visualization

of the sinus venosus and second heart field expression domains with 3D reconstruc-

tions showed that these populations remain separated during heart formation. All car-

diac progenitors initially express transcription factors Isl1 and Nkx2-5. The sinus

venosus progenitor population can be distinguished from the first and second heart

field by the loss of expression of Isl1 and Nkx2-5 more than a day before its differen-

tiation into myocardium. 

Chapter 4 describes the process of myocardium formation at the systemic

venous pole of the heart. The myocardium initially forming the venous pole will be

taken up into the atrial myocardium. Only after 9.5 days of development, after the ini-

tiation of the development of the chambers, sinus venosus progenitors differentiate

into myocardium. This sinus venosus myocardium is characterized by the absence

of Nkx2-5 expression. Lineage experiments showed that the sinus venosus my-

ocardium, in contrast to the remainder of the heart, develops from Nkx2-5–negative

progenitors. The sinus venosus specifically expressed Tbx18, shown to be required

for normal sinus venosus development. Mice deficient for Tbx18 have a delayed for-

mation of the sinus venosus myocardium and have defective caval veins. 

The role of Nkx2-5 in the development of the sinus venosus is further ex-

plored in Chapter 5. Here we focus on the development of the sinus node in the sinus

venosus myocardium. The initial heart tube is composed of slowly conducting my-

ocytes that possess intrinsic pacemaker activity. Dominant pacemaker activity, how-

ever, can always be found at the caudal-most part of the venous pole, causing

electrical activity and contraction to originate from the venous to the arterial pole. At

the venous pole of the initial heart tube, the domain of Hcn4 expression, which is re-

quired for the pacemaker activity in murine embryos, overlaps with that of Nkx2-5.

Concomitant with the formation of the Nkx2-5-negative sinus venosus caudal to the

heart tube, expression of Hcn4 becomes restricted to this newly formed myocardium.

Nkx2-5 knock-out and hypomorphic embryos showed that this factor is essential for

the confinement of Hcn4 expression to the Nkx2-5-negative sinus venosus, and the

sinus node. The sinus node develops as a thickening on the right side in the sinus

venosus after E9.5 and immediately upon its formation expresses Tbx3. Tbx3 was

found to suppress chamber differentiation, providing a mechanism by which the Tbx3-

positive sinus node is shielded from differentiating into atrial myocardium. Pitx2c sup-

presses the default program for sinoatrial node formation on the left side, as

Pitx2c-deficient fetuses form sinus nodes at both the right and left side. 

The sinus venosus myocardium forms at the ventral caudal side of the atria,

and will surround the systemic venous entrance to the heart. The other venous en-
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trance to the heart, the pulmonary vein, develops a connection on the dorsal side of

the atria. This connection is found in the midline of the common atrium. However,

due to the formation of the atrial septum from the right pulmonary ridge, the pul-

monary vein gains exclusive connection to the left atrium. This connection is clothed

by a myocardial sleeve, similar to the myocardial layer surrounding the caval veins

at their connection to the right atrium. In both human and mouse the pulmonary vein

starts with a single connection. In mouse this single connection is maintained with

long myocardial sleeves. In human, the pulmonary vein including its myocardium be-

comes incorporated into the left atrium. As a consequence, four pulmonary veins with

short myocardial sleeves enter the left atrium. Chapter 6 focuses on the development

of the myocardium surrounding the pulmonary vein. Our data indicate a biphasic

model for the development of the pulmonary myocardium. First, a myocardial popu-

lation forms by differentiation from the mesenchyme surrounding the proximal part

of the pulmonary vein. Secondly, the pulmonary myocardium initiates a phase of rapid

proliferation and expansion to form the pulmonary myocardial sleeve. Pitx2c-deficient

mice did not develop a pulmonary myocardial sleeve because they seem to fail to

form the initial pulmonary myocardial cells. Lineage analysis excluded contribution

of atrial cells to the pulmonary myocardium. Furthermore, lineage analysis showed

that whereas the sinus venosus derives from Nkx2-5-negative progenitors, the pul-

monary myocardium derives from Nkx2-5-expressing progenitors, indicating a distinct

origin of the two venous systems. Nkx2-5 and its target gap-junction gene Cx40 are

expressed in the atria and in the pulmonary myocardium, but not in the sinus venosus,

which expresses the essential pacemaker channel Hcn4. When Nkx2-5 protein levels

are lowered in a hypomorphic model, the pulmonary myocardium switches to a Cx40-

negative, Hcn4-positive phenotype resembling that of the sinus venosus. This switch

to a pacemaker-like gene program indicates a possible role for Nkx2-5 in the devel-

opment of atrial fibrillation. 

Just before the pulmonary myocardium starts to develop, a mesenchymal

cell population, called the ‘spina vestibuli’ or dorsal mesenchymal protrusion, devel-

ops on the right side of the developing pulmonary vein, from where it will connect to

the atrioventricular cushions and contribute to the atrioventricular septal complex. In

Chapter 7 we used lineage analysis to show that the spina vestibuli is the only part

of the atrioventricular septal complex that does not derive from the endocardium, but

from the extracardiac mesoderm. Three dimensional reconstructions visualized that

this non-endocardium-derived mesenchyme does not form a visible protrusion into

the atrial lumen. The morphogenesis of this area is of great clinical interest, because

of the high incidence of atrial and atrioventricular septal defects. 
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Aangeboren hartafwijkingen zijn verantwoordelijk voor 25% van alle aangeboren

afwijkingen. Een groot deel van de hartafwijkingen ontwikkelt aan de veneuze zijde

van het hart, zoals sinus venosus defecten, atrium septum defecten en abnormale

uitmondingen van de longvenen. Het veneuze pool gebied is niet alleen een

veelvoorkomende locatie van anatomische afwijkingen, maar is ook vaak betrokken

bij het ontstaan van hartritmestoornissen, zoals atriumfibrilleren en ziekte van de si-

nusknoop.

Dit proefschrift richt zich op de ontwikkeling van het myocard aan de veneuze

pool van het hart, bestaande uit het myocard van de atria, het sinus venosus myocard

dat de cavale venen omgeeft, en het myocard rond de longvenen. We bieden nieuwe

inzichten in hoe dit myocard zich vormt, vanaf de locatie en aard van de voorloper-

cellen tot het mechanisme van vorming van de uiteindelijke myocard structuren.

Verder laten we zien wat er fout kan gaan in de ontwikkeling van deze gebieden.

In de introductie, Hoofdstuk 2, wordt de ontwikkeling van de veneuze pool kort

samengevat en bediscussiëren we de mogelijke onderliggende oorzaken van atri-

umfibrilleren vanuit het oogpunt van de ontwikkeling. Atriumfibrilleren is de meest

voorkomende hartritmestoornis en treft ongeveer 1% van de totale bevolking,

oplopend tot zelfs 10% van de 80-plussers. Alhoewel bekend is dat atriumfibrilleren

onder andere zijn oorsprong kan hebben in het myocard rondom de cavale venen,

ontstaan veruit de meeste gevallen vanuit het myocard dat de longvene omgeeft.

Door de kennis over de ontwikkeling van de veneuze pool verkregen met het onder-

zoek in dit proefschrift en uit de literatuur te combineren hebben we geprobeerd om

begrijpelijk te maken waarom bepaalde gebieden in het hart de voorkeurlocaties zijn

voor het ontstaan van hartritmestoornissen. 

De volgende drie hoofdstukken concentreren zich op de ontwikkeling van

het sinus venosus myocard. De embryonale sinus venosus is opgebouwd uit een

rechter en linker sinushoorn. De rechter sinushoorn zal de bodem van de systemis-

che veneuze sinus vormen en de proximale myocardiale delen van de vena cava su-

perior en inferior omgeven. De linker sinushoorn zal in de muis blijven bestaan rond

de linker superior vena cava, terwijl hij bij de mens de sinus coronarius zal vormen.

In Hoofdstuk 3 is de oorsprong van de voorlopercellen van de sinus venosus

in het cardiogene mesoderm in relatie tot de andere voorlopercellen van het hart

bestudeerd. De initiële embryonale hartbuis wordt gevormd als de twee bilaterale

cardiogene regio’s in het splanchnische mesoderm, het ‘eerste hartveld’ genoemd,

differentiëren naar myocard en midsagitaal fuseren. Cellen uit het midden van het

cardiogene mesoderm, het ‘tweede hartveld’ genoemd, zullen na de initiële vorming

van de hartbuis zorgen voor verlenging van de hartbuis door cellen toe te voegen

aan de arteriële en veneuze pool en het dorsale mesocard. In deze studie hebben

we met DiI labeling en korte termijn lineage analyse laten zien dat de sinus venosus

voorlopercellen caudaal gesitueerd zijn in het cardiogene mesoderm, lateraal van
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alle andere cardiale voorlopercellen. Terwijl de mediale voorlopercellen door vouwing

van het embryo dorsaal van de hartbuis komen te liggen, verplaatsen de sinus veno-

sus voorlopercellen zich van lateraal in het cardiogene mesoderm naar ventraal van

de nu gevormde veneuze pool. Met behulp van drie dimensionale reconstructies

hebben we inzicht verkregen in hoe de sinus venosus voorlopercellen en tweede

hartveld cellen zich verplaatsen gedurende de vorming van de hartbuis.  Deze pop-

ulaties blijven gedurende de ontwikkeling gescheiden in plaats en verschillend in ex-

pressiepatroon. Initieel brengen alle cardiale voorlopercellen de transcriptie factoren

Isl1 en Nkx2-5 tot expressie. De sinus venosus voorlopercellen verliezen, in tegen-

stelling tot de andere cardiale voorlopercellen, Isl1 en Nkx2-5 expressie lang voordat

ze differentiëren naar myocard. 

Hoofdstuk 4 beschrijft het proces van myocardvorming aan de systemische

veneuze pool van het hart. Het myocard dat initieel de veneuze pool van het hart

vormt wordt opgenomen in de atria. Pas na (E) 9,5 dag van embryonale ontwikkeling,

nadat kamervorming is geïnitieerd, differentiëren de sinus venosus voorlopercellen

naar myocard. Dit sinus venosus myocard wordt gekarakteriseerd door de

afwezigheid van Nkx2-5 expressie. Lineage experimenten hebben verder laten zien

dat het sinus venosus myocard, in tegenstelling tot de rest van het myocard van het

hart, ontstaat uit Nkx2-5–negatieve voorlopercellen. Zowel de voorlopercellen als de

myocyten van de sinus venosus myocard brengen Tbx18 tot expressie. In deze studie

hebben we laten zien dat Tbx18 nodig is voor de normale vorming van de sinus veno-

sus. In Tbx18 deficiënte embryo’s treedt vertraagde vorming van het sinus venosus

myocard en abnormale vorming van de cavale venen op.

De rol van Nkx2-5 is verder onderzocht in Hoofdstuk 5. In dit hoofdstuk

hebben we ons geconcentreerd op de vorming van de sinusknoop in de sinus veno-

sus. De initiële hartbuis is opgebouwd uit langzaam geleidende myocyten die intrin-

sieke pacemakeractiviteit bevatten. Dominante pacemakeractiviteit kan altijd

gevonden worden aan de meest caudale zijde van de veneuze pool, wat ervoor zorgt

dat elektrische activiteit en contractie van de veneuze naar de arteriële pool lopen.

In deze studie hebben we aangetoond dat Hcn4 expressie, dat verantwoordelijk is

voor pacemaker activiteit in muizenembryo’s, in het proximale deel van de veneuze

pool van de initiële hartbuis overlapt met Nkx2-5 expressie. Tegelijkertijd met de

vorming van de Nkx2-5-negatieve sinus venosus, beperkt de expressie van Hcn4

zich tot dit nieuw gevormde myocard. Met behulp van Nkx2-5 knock-out en hypo-

morfe embryo’s hebben we laten zien dat deze factor essentieel is voor de restrictie

van Hcn4 tot de Nkx2-5-negatieve sinus venosus en sinusknoop. De sinusknoop on-

twikkelt, na E9,5, als een verdikking aan de rechterkant van de sinus venosus en

brengt meteen na zijn vorming Tbx3 tot expressie. Tbx3 onderdrukt kamerdifferenti-

atie, een mechanisme waardoor de Tbx3 positieve sinusknoop wordt afgeschermd

van differentiatie naar atrium myocard. Het programma voor sinusknoop vorming
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wordt aan de linker zijde onderdrukt door Pitx2c. Pitx2c knock-out embryo’s ontwikke-

len een sinusknoop aan zowel de rechter als linkerzijde van hart.

Terwijl het sinus venosus myocard aan de ventrale zijde van de atria vormt

om de systemische veneuze ingang te bekleden, vormt aan de dorsale zijde van de

atria de andere veneuze verbinding met het hart, de longvene. De longvene mondt

uit in het midden van de gezamenlijke atria. Door vorming van het atrium septum

rechts van deze uitmonding, zal de longvene een exclusieve verbinding met het linker

atrium krijgen. Deze verbinding wordt omgeven door een myocardlaag, net zoals de

verbinding van de cavale venen met het rechter atrium. In zowel mens als muis begint

de ontwikkeling van de longvene met een enkele verbinding naar het atrium. In de

muis blijft deze enkele verbinding behouden met een lange myocardboom rond de

vertakkende longvenen. In de mens wordt de longvene samen met zijn myocard

deels opgenomen in het linker atrium, waardoor vier longvenen met relatief korte my-

ocardlagen uitmonden in het linker atrium. Hoofdstuk 6 is gewijd aan de ontwikkeling

van het myocard rond de longvenen. Onze data laten een twee-fasemodel zien voor

de ontwikkeling van het longvene myocard. In eerste instantie vormt zich, door middel

van differentiatie van omliggend mesenchym, een eerste myocard populatie aan het

proximale deel van de longvene. In tweede instantie initieert deze myocard populatie

een fase van snelle proliferatie en expansie om de myocardiale boom om de longve-

nen te vormen. Pitx2c deficiënte embryo’s ontwikkelen de myocardiale boomstructuur

niet, doordat ze falen om de initiële longvene myocard cellen te vormen. Met behulp

van lineage analyse hebben we aan kunnen tonen dat er geen bijdrage is van atrium

cellen aan het longvene myocard. Verder liet lineage analyse zien dat het longvene

myocard, in tegenstelling tot het sinus venosus myocard, ontwikkelt vanuit Nkx2-5-

positieve voorlopercellen. Dit wijst op een verschillende oorsprong van de twee

veneuze myocard structuren. Nkx2-5 en het target gap-junction gen Cx40 komen tot

expressie in het atrium en het longvene myocard, maar niet in de sinus venosus, die

in plaats daarvan het essentiële pacemakerkanaal Hcn4 tot expressie brengt. Door

verlaging van het Nkx2-5 eiwit niveau in een hypomorf model, schakelt het longvene

myocard om naar een Cx40-negatief, Hcn4-positief sinusknoop-achtig fenotype.

Deze omschakeling naar een pacemaker-achtig genprogramma suggereert dat

Nkx2-5 een rol kan spelen in de ontwikkeling van atriumfibrilleren. 

Net voordat het longvene myocard begint te ontwikkelen, ontwikkelt aan de

rechter kant van de ontwikkelende longvene een mesenchymale celpopulatie, de

‘spina vestibuli’ ook wel het ‘dorsale mesenchymale uitsteeksel’ genoemd. Deze

celpopulatie zal een verbinding vormen met de atrioventriculaire kussens en deel uit

gaan maken van het atrioventriculaire septum complex. In Hoofdstuk 7 hebben we

met behulp van lineage analyse aangetoond dat de ‘spina vestibuli’, in tegenstelling

tot het overige mesenchym van het atrioventriculaire septum complex, niet afkomstig

is van het endocard, maar een extracardiale oorsprong heeft. Drie dimensionale re-
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constructies hebben laten zien dat deze extracardiale populatie geen zichtbaar uit-

steeksel vormt in het atriële lumen. De morfogenese van dit gebied is van groot klin-

isch belang, door de hoge incidentie van atrium- en atrioventriculaire septumdefecten. 
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