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Congenital heart disease

Congenital heart defect (CHD) is the most common human birth defect and
the leading cause of death in the first year of life. In the Netherlands, 1500
children with CHD are born every year. Most of these children can be cured
with the current surgical interventions or medicine. CHDs can be caused by
environmental or genetic factors. Very few genetic factors that cause CHDs
are known and it is of vital importance to unravel the genetic components that
cause these CHDs.
Congenital heart defects are defects of cardiac development like atria ven-
tricular septum defects (AVSD), valve defects and transposition of the great
arteries. The origin of these defects lies in embryonic development and this
will be further elaborated in the following sections (Dutch-heart-foundation,
2009).

Cardiac development in zebrafish

The heart is the first functional organ that is formed in the embryo. The ze-
brafish (Danio rerio) heart consists of 2 chambers, an atrium where the blood
flows into the heart and a ventricle where the blood flows out of the heart.
The progenitor cells that contribute to these two chambers are already sep-
arated before gastrulation starts. Extensive cell labeling studies at 40% epi-
boly show that labeled cardiac progenitor cells end up either in the ventricle
or in the atrium at 44 hours post fertilization (hpf). There are 2 pools of these
precursors on either side of the gastrula embryo between 60 and 140 de-
grees from the dorsal organizer. The atrial precursors lie ventrally and are
present in tier 2 to 4 of the margin and ventricular precursors are positioned
more dorsally in tier 1 to 3 along the margin (Keegan et al., 2005; Keegan et
al., 2004) (Figure 1A). During gastrulation these cells then move to the mid-
line where they eventually meet and form a single heart field, shaped like a
disk (Figure 1B and C). The first cardiac markers in zebrafish become ap-
parent during early segmentation stages. Both gata4 -5 and 6 and nkx2.5 are
expressed in two bilateral pools in the anterior lateral plate mesoderm
(ALPM). These markers are however not restricted to cardiac progenitors.
The first cardiac differentiation marker which can be detected is cardiac
myosin light chain 2 (cmlc2), which expression can be first detected at 12
somite stage (15 hpf) (Figure 1B). Although all cmlc2 expressing cells will
eventually become cardiomyocytes, they have not yet all properties of a car-
diomyocyte since these cells are not yet striated muscle cells and are not yet
beating. The first sign of contraction can be observed after the two bilateral
heart fields have fused at the midline and start to form a cardiac tube.
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The future ventricular cells are located at a medial position within the heart
field and are marked by expression of ventricular myosin heavy chain (vmhc).
The atrial cells are located at a lateral position within the cardiac field and are
marked by expression of atrial myosin heavy chain (amhc). The atrial cells
move anterior and to the left while forming a cardiac tube (Smith et al., 2008).
During this leftward displacement the heart tube also rotates (Figure 1D and
E). The leftward displacement (cardiac jogging) is the first step during the car-
diac looping process. Looping is required to position the chambers in such a
way that the blood flows optimal through the heart and into the rest of the
body. At 48 hpf the heart has looped and the chambers are now positioned
next to each other and the atrio-ventricular canal (AVC) is positioned hori-
zontally. During and after this looping process the chambers start to balloon,
a process that requires blood flow and chamber contraction (Auman et al.,
2007)(Figure 1F).

Genetic pathways in cardiac differentiation

The transition from a stem cell as present in the early embryo, to a cell which
is part of an organ and has thus fully differentiated can be divided into three
main steps. First the stem cell is specified. This means that the cell has the
potential to become a certain cell type, for instance a cardiomyocyte. The cell
will still need to get a signal to do so. The second step is determination. In this

10

Figure 1. Schematic representation of cardiac developmental stages in zebrafish.
A. Lateral view of a 6 hpf zebrafish embryo. The stage is during mid-gastrulation with the
dorsal organizer on the right. Ventricular progenitors are indicated by blue dots and atrial
progenitors are indicated by red dots.
B-E. Dorsal view of the zebrafish embryo from 14 somites (16 hpf) until 24 hpf. The cardiac
progenitor cells are marked by cmlc2 staining in green and start as two bilateral pools of pro-
genitor cells (B). These pools fuse at the midline at 22 somites (20 hpf) to form a cardiac disk
(C). This disk then moves anterior and to the left (D) and forms the heart tube at 24 hpf (E).
(F) At 48 hpf the heart tube is folded into an s-shape and the chambers have started to bal-
loon. (DO, dorsal organizer).
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step, the specified cell has received this signal and can only become this cell
type but has not differentiated into this cell type yet. The final step is differ-
entiation itself. In this case the cell will get the properties of the cell type and
can function within the organ (Buckingham et al., 2005).

Nkx2.5 is required for cardiac formation

Nkx2.5 is one of the earliest markers for cardiac progenitor cells and is re-
quired for cardiac formation. nkx2.5 expression becomes apparent in ze-
brafish between 1-4 somites stage. The drosophila homologue for Nkx2.5,
tinman is also required for cardiac formation (Azpiazu and Frasch, 1993;
Bodmer, 1993). Overexpression of nkx2.5 results in larger hearts (Fishman
and Chien, 1997). However, not all nkx2.5 positive cells contribute to the
heart since a small nkx2.5 expressing region located posterior of the noto-
chord, doesn’t contribute to the heart (Serbedzija et al., 1998) (Figure 2 and
3).

Gata transcription factors have separate functions in cardiac formation

Gata transcription factors -4, -5 and -6 are expressed very early in pre-cardiac
mesoderm and are required for myocard and endoderm formation. Although
they all recognize the same DNA sequence, they perform different functions.
gata-5 is required for induction of cardiomyocytes, gata-6 is mainly required
for differentiation and maintenance of cardiomyocytes and gata-4 is mainly re-
quired for late heart formation like septation and valve formation (Peterkin et
al., 2005) (Peterkin et al., 2007). In zebrafish, Bmp signaling is required for ini-
tiation of gata5. Furthermore, in cardiac induction, gata-5 first induces nkx2.5
and then gata-5 and nkx2.5 can physically interact to activate downstream
myocardial targets (Reiter et al., 2001) (Figure 3).
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Figure 2. Schematic overview of expres-
sion domains of early cardiac markers in
the ALPM.
Expression domains at 6-9 somite stage of
scl in blue, representing endocardial cells, of
hand2 in green, of nkx2.5 in pink and gata4
in grey. The anterior most part of the gata ex-
pression domain results in endocardial cells.
The medial part of the expression domains
results in cardiomyocytes and lateral en pos-
terior domains posterior of the notochord, re-
sult in head mesenchyme. Adapted from
(Schoenebeck et al., 2007).
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Hand2 is downstream of nkx2.5 but upstream of cmlc2

The hands off/hand2 (han) mutant has very little myocardial tissue which is
primarily atrial and the mutant displays cardia bifida. The han mutants do not
have a deficiency in precardiac mesoderm since the hanmutant embryos still
induce nkx2.5, but they have a defect in the differentiation of these cells into
myocardium. Initially, the lateral plate mesoderm (LPM) looks normal up until
10 somites stage, but at 15 somites stage, LPM markers are clearly broader
expressed in wild type embryos compared to the han mutants. Furthermore
in han mutant embryos the cardiac fields fail to fuse resulting in cardia bifida.
Overexpression of hand2 in wild type embryos does not have a phenotype;
however, overexpression of hand2 in hand2mutants leads to a partial rescue
of the number of cmlc2 expressing cells. It was demonstrated that hand2 is
required for the maturation of cardiomyocytes into polarized cardiac epithe-
lia and that the polarization of the cardiomyocytes is required for their migra-
tion towards the midline during fusion of the cardiac fields. Embryos where
gata5 is knocked down have a similar phenotype as the hand2 mutants in
that they also have a reduced number of cardiomyocytes and that they dis-
play cardia bifida. However, the remaining myocardium is polarized in the em-
bryos where gata5 is knocked down suggesting that regulation of
cardiomyocyte polarization is a separate process from the differentiation of
pre-cardiac mesoderm into determined cardiomyocytes. (Yelon et al., 2000)
(Trinh et al., 2005).
In addition, there is crosstalk between the signaling pathways that are re-
quired for myocardial and endocardial formation in the ALPM. The posterior
region of the hand2 expressing cells develops mainly into atrial cells and the
anterior region of the hand2 expression domain develops into endocardium.
However, when the endocardium is not formed, like in the cloche mutant,
these cells become atrium resulting in a larger atrium in cloche mutants
(Schoenebeck et al., 2007) (Figure 2).
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Figure 3. Signaling cascade resulting in myocardial
determination.
Two signals from the endoderm, bmp2 and fgf, are re-
quired for cardiac formation. Oep is required from the
mesoderm. Bmp2 and oep are required for gata5 induc-
tion in the ALPM. Subsequently, gata5 induces nkx2.5
together, but independently with fgf. Then gata5 and
nkx2.5 interact to induce hand2 expression which is re-
quired for maintenance of cmlc2 expression.
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Early signals in cardiac specification

Bmp signaling is required for cardiac induction

Several Bmp ligands can bind to Bmp type 1 (Alk2/8, Alk3a and Alk3b and Alk6)
and bmp type 2 receptors. Upon ligand binding these receptor complexes then
phosphorylate receptor (R-) Smad 1, 5 or 8 and together with the co-Smad,
Smad4, translocate to the nucleus to initiate or block transcription. Several an-
tagonists have been identified (e.g. Noggin, Chordin) that can block Bmp sig-
naling extracellular. Furthermore, the inhibitor Smads i-Smad6 and i-Smad7
inhibit Bmp signaling intracellular by competing with the binding of the R-Smads
to either the receptors or Smad4, so transcription cannot be activated (Heldin
et al., 1997; Massague, 2008; Shi and Massague, 2003) (Figure 4).
In Drosophila the Bmp homologue decapentaplegic (dpp) is required for car-
diac tinman (nkx2.5 in vertebrates) expression in the mesoderm and ectopic
Dpp can induce tinman expression in more ventral regions (Frasch, 1995).
In chick embryos Bmp signaling in the anterior endoderm is required for car-
diac specification. Ectopic expression of Bmp by beads results in ectopic for-
mation of pre cardiac mesoderm revealed by expression of nkx2.5 and gata4.
Soaking of non cardiac tissue like anterior regions of mesoderm of gastrula
and neurula embryos in Bmp2 also results in cardiogenesis. In addition, Nog-
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Figure 4. Schematic representa-
tion of a simplified Bmp signal
transduction pathway.
The Bmp ligand can bind to bmp
type 1 receptors (Alk2/8, Alk3a and
Alk3b and Alk6) and subsequently
recruit a Bmp type 2 receptor.
These then phosphorylate Smad 1,
5 or 8 and together with the co-
Smad, Smad4, translocate to the
nucleus to initiate or block tran-
scription. Several factors can be
used to block Bmp signaling like
noggin3 which blocks Bmp ligands
binding type 1 receptors extracellu-
lar. Furthermore, the inhibitor
Smads i-Smad6 and i-Smad7 in-
hibit Bmp signaling intracellular.
The red circles indicate players in
this pathway which are used in this
thesis to study Bmp signaling.
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gin inhibits differentiation of cardiomyocytes. However, in all cases a second
signal, besides Bmp2, is required for cardiogenesis that also lies in the ante-
rior endoderm (Schultheiss et al., 1997).
Several zebrafish mutants have been described that display a loss or reduc-
tion in Bmp signaling (Chen et al., 1996). The swirl/bmp2b (swr)mutant lacks
all Bmp signaling resulting in the complete dorsalization of the mesoderm and
subsequent failure to specify ventral and lateral mesoderm including cardiac
mesoderm (Kishimoto et al., 1997). This was shown by the complete loss of
the cardiac specification marker nkx2.5. swrmutants regulate myocardial dif-
ferentiation through gata5. Expression of gata5 is diminished in swr mutants,
however, in faust /gata5 mutants, bmp2b is still present. Injection of gata5 in
swr mutants rescues nkx2.5 expression in 50% of the embryos and appears
to do so in the cardiac region (Reiter et al., 2001). In other identified mutants
affecting Bmp signaling (snailhouse/bmp7, captainhook/smad5 and lost-a-fin
(laf)/alk2/8), all with a less severe dorsalization phenotype then swr mutants,
the cardiac mesoderm is specified and cardiomyocytes do differentiate. How-
ever, the number of cardiomyocytes is lower in at least one of these mutants;
the laf/alk2/8 mutant embryos have fewer cardiomyocytes then wild type em-
bryos (Marques and Yelon, 2009). Therefore, Bmp signaling is required for
cardiac formation.
The role of BMP signaling is however more intricate. Studies in cell culture
have shown that an antagonist of Bmp, Noggin, is required for differentiation
of ES cells into cardiomyocytes (Yuasa et al., 2005). Furthermore, the mouse
knockouts for i-Smad6 and i-Smad7 also have cardiac defects indicating that
a repression of Bmp signaling is also required for cardiac development (Chen
et al., 2009b; Galvin et al., 2000). How and when during embryo develop-
ment Bmp signaling can regulate cardiomyocyte differentiation is further in-
vestigated in chapter 4.
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Figure 5. The 4-chambered heart with an
overview of the cardiac conduction system.
The conduction system starts with the pace-maker,
or sino-atrial node (SAN), in the right atrium. This
signal then propagates through the faster conduc-
tion tissue of the right atrium to the atrio-ventricu-
lar node (AVN) where it is delayed. Then it passes
through the faster conducting peripheral ventricular
conduction system.
LA, left atrium; RA, right atrium; LV, left ventricle;
RV, right ventricle; MV, mitral valve; TV, tricuspid
valve; SAN, sino-atrial node; AVN, atrio-ventricular

node; AVB, atrio-ventricular bundle; BB, bundle branches; END, endocardium; MYO, my-
ocardium; EPI, epicardium; PVCS; peripheral ventricular conduction system. Adapted from
(Moorman and Christoffels, 2003).
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Fgf signaling is required for cardiogenesis

The factor that is responsible for cardiac formation together with Bmp signal-
ing in the anterior endoderm is likely Fgf8, since fgf8, but not bmp2 can res-
cue cardiac formation in the absence of anterior endoderm (Alsan and
Schultheiss, 2002).
Also in zebrafish, Fgf8 is required for normal development of the heart, al-
though fgf8 is here also expressed in the mesoderm (Reifers et al., 2000).
The acerebellar (ace)/ fgf8 mutant presents with a smaller heart, in particular
a smaller ventricle. Fgf8 is required for early expression of nkx2.5 and gata4,
but not gata6. Interestingly excess fgf8 does not expand gata4 or nkx2.5 ex-
pression, suggesting that something else potentiates these cells to become
cardiac precursors. This could be Bmp signaling. Furthermore, Fgf8 is inde-
pendent from gata5 since neither gata5 is down in ace nor fgf8 is down in
faust (Reiter et al., 2001) (Figure 3).
In the embryo prolonged Fgf signaling is required for cardiac formation and
both chambers have different Fgf requirements over time. During early
stages of development a block in Fgf signaling affects cardiomyocyte num-
bers in both chambers. This effect diminishes over time and during seg-
mentation only the ventricle is affected by a block in Fgf signaling (Marques
et al., 2008).

one- eyed pinhead is required for endoderm and cardiac formation

one- eyed pinhead (oep), an EGF-CFC family member required for nodal sig-
naling, is required for endoderm formation. As a result from the endoderm de-
fect in oep mutants, the bilateral pools of cardiac progenitor cells cannot fuse
in the midline (Zhang et al., 1998).Oep is expressed initially ubiquitously, how-
ever becomes gradually more restricted; during gastrulation oep is expressed
in the mesodermal margin and during somitogenesis oep is expressed in the
ALPM. Zygotic (z) oep mutants have cardia bifida and have less vmhc stain-
ing so less ventricle myocardium. Expression of gata5 is diminished in zoep
mutants, however, in gata5 (faust) mutants, zoep is still present. Gata5 injec-
tion, like in the swr mutants, also rescues cmlc1 expression in the zoep mu-
tants and the heart even starts to beat (Reiter et al., 2001) (Figure 3).

Conclusions cardiac specification

Taken together, Gata-4, -5 and -6 are the earliest cardiac markers known so
far that are expressed in cardiac progenitor cells. gata5 and fgf8 regulate
nkx2.5 expression and gata5 is regulated by bmp2b and zoep. Hand2 acts
most likely downstream of nkx2.5 since in the hands off/hand2mutant nkx2.5
expression is not affected while cmlc2 and vmhc expression is reduced or
even completely absent (Yelon, 2001)(Figure 3).
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Cardiac differentiation after heart tube formation in amniotes

The cardiac progenitors eventually differentiate to form a cardiac tube (Figure
1E). The heart of amniotes consists of a four chambered heart which forms
from a tubular heart. The heart then loops and forms the four chambers re-
quired for the systemic and pulmonary circulation (Figure 5). The cells that
form the linear heart tube are derived from the first heart field (FHF). In 2001
was shown that the amniote heart grows by expansion of the cardiac tube
trough differentiation of surrounding mesoderm, which was named the second
heart field (SHF). Both the outflow tract (OFT) and the inflow tract (IFT) of the
tubular heart are elongated by the addition of cells from the SHF. The cells
from the SHF end up in the outflow tract myocardium, the right ventricle, the
atria and the inflow tract. Cells from the FHF end up in the left ventricle and
the atria (Kelly et al., 2001) (Mjaatvedt et al., 2001) (Meilhac et al., 2004)
(Kelly, 2005). The SHF in mouse and chick can be further subdivided; the
second heart field and the anterior heart field (AHF), where the anterior heart
field gives rise to cells of the OFT and right ventricle (Buckingham et al., 2005)
(Cai et al., 2003) (Snarr et al., 2007).
Interestingly, there are no specific markers for the first and second heart fields
since most markers for the SHF, like Islet1 (Isl1) and Fgf8 are also expressed
in the first heart field (Prall et al., 2007) (Park et al., 2006).
Bmp signaling is required for SHF development and in particular for the dif-
ferentiation of the SHF. This is regulated through a feedback loop with Nkx2.5
and via Smad1. When Nkx2.5 is absent from the SHF, Bmp signaling is up-
regulated and cells differentiate too early leading eventually to OFT defects
(Prall et al., 2007).

Regulatory pathways in the anterior heart field

The contribution of the SHF to the outflow region of the heart (anterior heart
field) is extensively studied in the recent years. Fgf signaling and Tbx1 are re-
quired for normal outflow tract (OFT) development and they are specifically
required for AHF proliferation (Kelly et al., 2001) (Zhang et al., 2006). A LacZ
reporter for Fgf10 showed that cells that once expressed Fgf10 in the pha-
ryngeal mesoderm contribute to the right ventricle and OFT. The mouse
knockout for Fgf10 however only shows right ventricle abnormalities and no
OFT defects (Marguerie et al., 2006) reviewed in (Rochais et al., 2009). Dele-
tion of Fgf8 in Nkx2.5 cells results in OFT and right ventricle deletions. Sev-
eral hypomorphic alleles for Fgf8 revealed that Fgf8 is likely the major
regulator of right ventricle and OFT development in mouse (Ilagan et al.,
2006) (Abu-Issa et al., 2002) (Park et al., 2006) reviewed in (Rochais et al.,
2009). AHF mesoderm in conditional Fgf8 mutants fails to properly proliferate
and thus to expand the tissue. Furthermore, Fgf8 is required for cardiac neu-
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ral crest cell survival and this may contribute to the OFT defects seen in these
embryos (Abu-Issa et al., 2002).
An upstream regulator of Fgf signaling is Tbx1. Tbx1 is required to induce
proliferation of the SHF via Fgf8 and is required to block differentiation via
Srf, and does so in a dose dependent manner (Chen et al., 2009a) (Zhang et
al., 2006) (Liao et al., 2008) (Vitelli et al., 2009). Furthermore, the induction
of Fgf8 by Tbx1 is reinforced by an auto regulatory loop involving the forkhead
transcription factor Foxa2 (Hu et al., 2004). Forkhead transcription factors
Foxc1 and Foxc2 are also required for OFT development (Seo and Kume,
2006). The role of Tbx1 is further underscored by its role in human syndromes
like diGeorge syndrome, also called 22q11.2 deletion syndrome which is char-
acterized among others by cardiovascular defects and facial abnormalities.
Tbx1 is responsible for the cardiovascular defects in diGeorge syndrome in
a dose dependant manner (Merscher et al., 2001) (Lindsay et al., 2001). The
AHF is dependent on a tightly regulated feedback loop where Fgf regulated
proliferation and Bmp regulated differentiation are essential for the normal
development of the mouse heart (Prall et al., 2007).

Islet1 is required for SHF development

Initially Islet1 (Isl1) was first identified as a marker for motor neuron develop-
ment in mouse and Isl1KO mice cannot form motor neurons and interneu-
rons (Pfaff et al., 1996).
In 2003 Islet1 was also found to be required for SHF development. A LacZ re-
porter for Isl1 showed that cells that once expressed Isl1 ended up in the
heart and conditional mutants for Isl1 lack parts of the left ventricle and the
atria (Cai et al., 2003). Later studies revealed that Islet1 is also expressed in
FHF cells in several different components of the heart. Besides the working
myocardium, Isl1 descendants have been found back in proximal aorta, the
trunk of the pulmonary artery and the stems of the main left and right coronary
arteries. Furthermore LacZ expression has been found back in vascular lin-
eages and Isl1 progenitors make a contribution to the cells of the conduction
system, primarily to the sino-atrial node (SAN) (Cai et al., 2003) (Moretti et al.,
2007) (Sun et al., 2007) (Snarr et al., 2007) reviewed in (Laugwitz et al.,
2008). Furthermore the existence of multipotent Isl1+ cardiovascular pro-
genitors (MICPs), which are marked by the transcriptional signature of Isl1,
Nkx2.5 and Flk1, was shown. These cells can generate the three major cell
types of the heart: cardiac, smooth muscle and endothelial cells (Moretti et al.,
2007). Potentially, these cells can repair or (re)generate any damage to the
tissues of the adult heart. This is a breakthrough in this field since the human
adult heart cannot regenerate tissue damage. It is postulated that the function
of Islet1 is to keep the SHF in a progenitor state in order to form enough tis-
sue to contribute to the cardiac tube (Cai et al., 2003). Isl1 expression in car-
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diovascular progenitors is directly regulated by β-Catenin, a factor also re-
quired for stem cell maintenance (Lin et al., 2007).
Evolutionary Isl1 is preserved in its function. The fruit fly (Drosophila) homolog
of isl1, tailup (tup), is required for cardiac specification and formation of the
dorsal vessel, the Drosophila heart. Tup is expressed in the early mesoderm
that forms the dorsal vessel and tupmutants are characterized by a reduction
of the essential early cardiac transcription factors tinman (Nkx2.5 in verte-
brates), pannier (Gata in vertebrates) and dorsocross1-3 (Tbx in vertebrates).
tup expression is furthermore dependent on the early inductive signals Dpp
(Bmp in vertebrates) and Wg (Wnt in vertebrates) (Mann et al., 2009). Isl1 is
also required for cardiac formation in the frog (Xenopus leavis), where most
of the 3 chambers formed in Xenopus are abolished when Isl1 is knocked
down using morpholino oligos (Brade et al., 2007).

Sino-atrial Node (SAN) or pace-maker formation

After tube formation, the heart undergoes folding in order to form a functional
4 chambered heart in amniotes and a 2 chambered heart in zebrafish (Figure
5 and 1F). In order to regulate cardiac contraction and to regulate blood flow
through the body, and lungs in amniotes, a pace-maker forms in the embry-
onic heart. Although the myocardium starts beating as soon as it is differen-
tiating (even before heart tube formation) this is insufficient to regulate proper
cardiac function once the heart is folded into its final shape. In the adult heart,
the cardiac contraction is generated in the sino-atrial node (SAN) or pace-
maker and then propagated across the atrium. This electrical impulse is de-
layed at the atrio-ventricular (AV) boundary through specialized slow
conducting AV node (AVN) cardiomyocytes. After the delay at the AVN, the
contraction travels rapidly through the fast conduction network of the His-
Purkinje system. This coordinates ventricular activation to occur from the apex
to the base of the heart and allows for efficient ejection of blood from the ven-
tricles into the outflow tracts (OFTs) (Fishman, 2005; Moorman and Christof-
fels, 2003) (Figure 5). If the conduction system of the heart is not properly
formed or is damaged during life, this can lead to arrhythmias like sick sinus
syndrome and atrial fibrillation. A few genetic components have been identi-
fied that can cause arrhythmia for instance, mutations in ion channels are a
rare cause of inheritable cardiac arrhythmias leading to sudden death. Fur-
thermore, as the cells of the electrical conduction system arise from cardiac
muscle precursors, defects in the pathways that guide or maintain the differ-
entiation between ventricular myocyte and Purkinje cell lineages could cause
susceptibility to cardiac-associated sudden death (Chien, 2000).

18

Pater proefschrift hfd 1:Layout 1  09-04-2010  15:58  Pagina 18



Regulatory pathways required for SAN formation

The formation of the SAN is an intricate process. Unlike the rest of the my-
ocardium, Nkx2.5 is not expressed in the cells of the heart that will form the
SAN and this downregulation of Nkx2.5 is required for the formation of the
SAN. If Nkx2.5 is further downregulated, this will result in ectopic formation of
nodes in the embryonic heart. Tbx3 is the transcription factor that represses
Nkx2.5 expression and repression of Nkx2.5 will subsequently lead to the ex-
pression of Hcn4 which marks the SAN. This is a default program since over-
expression of Tbx3 does not directly lead to ectopic node formation.
Furthermore Pitx2c represses node formation on the left side of the heart and
when Pitx2c is downregulated, the heart also forms 2 nodes, one on each
side (Mommersteeg et al., 2007) (Hoogaars et al., 2007).

Acquired cardiac disease

So far several genetic components have been described that are important for
embryonic cardiac growth and development. Several of these components
are mutated in CHD like ALK2, NKX2.5 and GATA4 (Joziasse et al., 2008)
(Smith et al., 2009) (van den Hoff et al., 2006). However, most cases of car-
diomyopathy arise much later in life and are therefore termed acquired car-
diac disease.

Arrhythmia is one example of an acquired cardiac disease. At birth, less than
1% of children are born with an arrhythmia, however at the age of 80, 10% of
the population has a form of arrhythmia (Kannel and Benjamin, 2008). An-
other form of acquired cardiac disease is cardiomyopathy. In this case the
cardiac muscle cells are not properly functioning or suffer from pressure over-
load and eventually the cardiac chambers have problems contracting or re-
laxing. This can lead to first cardiac hypertrophy in which the cardiac chamber
or chambers enlarge and this can subsequently lead to cardiac failure or car-
diac dilation. The last category is incurable. Both cardiac arrhythmia disor-
ders and cardiomyopathies are a major cause for death in the Netherlands
(Dutch-heart-foundation, 2009).

Cardiomyopathies can be subdivided into three main categories; hypertrophic
cardiac myopathy (HCM), dilated cardiac myopathy (DCM) and restrictive car-
diac myopathy (RCM) (Chien, 2000). HCM is hall marked by an enlargement
of the cardiac wall due to an increase in myocardial cell size. Often this is
corresponding to an activation of fetal cardiac genes. One of these is cal-
cineurin which ultimately activates the transcription factor Nfat-c3 which in-
teracts with Gata-4 (Molkentin et al., 1998). This illustrates that upon
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hypertrophic stimuli, the fetal gene program is activated and a better under-
standing of embryonic development can elucidate important players in car-
diomyopathies.
DCM can occur when there is a defect in z-disk components. One example
of such a component is muscle LIM-domain protein (MLP). This protein di-
rectly interacts with α-actinin and T-cap. When MLP is lost the cardiac z-disk
components gradually mislocalize resulting in a loss of mechanical stretch
sensor functions of the z-disk. The z-disk serves as the molecular spring that
generates tension in response of mechanical stretch (Hoshijima et al., 2002).
The current model for these cardiomyopathies is that biomechanical stress
leads to defects in z-disc formation, sarcomeric stabilization and muscle-cell
signaling, thereby driving the onset of chamber dilation and heart failure.
A defect in the contraction or relaxation of the cardiac wall results in RCM.
Cardiac contraction is triggered by the release of Ca2+ from stores in the sar-
coplasmic reticulum (SR) through a Ca2+ release channel. Cardiac relaxation
is mediated by the re-uptake of calcium by the SR Ca2+ pump, which main-
tains SR calcium stores for the next round of cardiac contraction. If this mech-
anism is impaired, the cardiac chamber may not be able to fully contract or
relax anymore. This can result in RCM where one or both ventricles cannot
relax properly and the atrium dilates.
Genetic factors play a role in the development of cardiomyopathies (Dorn and
Hahn, 2004), however, only few genetic factors which cause cardiomyopathy
have been uncovered. We have conducted a pilot forward genetic screen for
cardiomyopathy in adult zebrafish to test the possibility to identify new ge-
netic factors involved in cardiomyopathy, which is described in chapter 7.

Forward genetic screening

Since years forward genetic screening has resulted in many newly found ge-
netic factors that are important for embryonic development (Nusslein-Volhard
and Wieschaus, 1980). In forward genetic screening, random mutagenesis of
the genome is performed to identify genes that are required for a specific bi-
ological process. This is in contrast to reverse genetics, where a specific gene
is mutated and then the phenotype is analyzed.

The forward genetics screens described in this thesis was performed using
ENU mutagenised fish. ENU, also known as N-ethyl-N-nitrosourea (chemi-
cal formula C3H7N3O2) mutagenesis is known for its preference to mutate A
to T and thus introducing more frequently STOP codons in the genome (Grun-
wald and Streisinger, 1992). The male mutagenised fish were outcrossed with
wt tuebingen longfin (TL) females to generate an F1 generation. The F1 gen-
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eration will carry the mutated genes in a mosaic fashion. By outcrossing these
fish, an F2 generation can be raised and these families will carry the muta-
tions in a ratio of 50%. By subsequently incrossing these families, 25% of the
pairs formed from these F2 families will show a phenotype of the recessive
alleles in the F3 generation.
When interesting mutant families have then been identified, the mutation
causing the phenotype can be uncovered by mapping the mutation. For this
purpose the F2 generation of the mutant family is crossed to a polymorphic
line. This new generation of fish will then be incrossed to re-identify the mu-
tation in the offspring. However, during this incross the tuebingen genome
and the polymorphic genome will have cross over events. This means that the
polymorphic line and the tuebingen line which contains the mutation are
mixed. By scanning the genome for markers that differ between the tuebin-
gen line and the polymorphic line, one can identify the location of the muta-
tion. Since cross over events are random, the entire genome will have an
equal amount of tuebingen versus polymorphic markers. However, when the
markers get closer to the mutation, it is less likely that a cross over event has
occurred between the marker and the mutation. Since the mutation is always
in the tuebingen line we will expect a shift between the tuebingen marker and
the polymorphic marker in the mutants and siblings.
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Outline of this thesis

In order to find new genetic factors, which are involved in cardiac growth we
performed a forward genetic screen and we report the outcome of this screen
in chapter 2. We screened at 5 days post fertilization (dpf) for mutants with
either an enlarged heart or reduced heart size. In this chapter we describe one
mutant with a smaller heart at 5 dpf. Further analysis revealed that car-
diomyocytes in these mutants are smaller and the heart contains fewer cells.
In chapter 3 we describe cardiac growth in the zebrafish embryo between
24 and 48 hpf. We show that the heart tube initially extends at the inflow re-
gion of the heart through a process of continuous differentiation. The com-
pletion of this process requires Isl1 and Isl1 mutant embryos have an
abnormal heartbeat with frequent stops. Furthermore, the OFT of the heart is
added through discontinuous differentiation. The OFT is formed between 34
and 48 hpf and requires Fgf signaling.
In chapter 4 we describe the process of continuous differentiation in more
detail and describe the role of Bmp signaling in this process. We show that we
can rescue the cardiac phenotype of laf embryos by re-expressing alk2/8 at
14 somites stage. Furthermore we show that cardiac specification is inde-
pendent from dorso-ventral patterning during gastrulation and Bmp signaling
is continuously required during cardiac determination. Surprisingly, before
cardiomyocytes are fully differentiated, the Bmp signal is turned off in these
cells.
In chapter 5 we describe the cardiac expression pattern for islet1. Islet1 is ex-
pressed at the inflow region of the zebrafish heart and is expressed in the
adult heart at the site of the sino-atrial node (SAN).
In chapter 6 we describe that the SAN is formed in the proper place from the
distal most cardiomyocytes at the venous pole of the heart, regardless of the
size of the venous pole. Furthermore, in hearts were the venous pole of the
heart is either truncated or contains a surplus of cardiomyocytes the function
of the cardiac conduction system is normal and the embryos have a proper
heart beat.
In chapter 7 we describe the results of a forward genetic screen for car-
diomyopathy. Few genes are described that cause cardiomyopathy and
known players in cardiomyopathies in mouse often present the phenotype
only after birth. In order to identify new genetic factors that are required for
cardiomyopathy we participated in a forward genetic screen in adult zebrafish.
We describe an adult mutant which presents with cardiac dilation of the atrium
at 12 weeks post fertilization.
This thesis is concluded in chapter 8 with a general discussion on cardiac
specification and differentiation.
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Abstract

The embryonic growth of the vertebrate heart tube is strictly regulated. The
proper size of the vertebrate heart is imperative for its proper function of
pumping blood through the body. There are three processes which regulate
the growth of the vertebrate heart tube; I) proliferation of cardiomyocytes, II)
differentiation of newly formed cardiomyocytes and III) hypertrophic growth of
cardiomyocytes. We previously observed that cardiomyocyte proliferation is
very low during the first days of development. The increase in the number of
cardiomyocytes during the first 2 days of development is mostly due to car-
diomyocyte differentiation. Here we show that after 2 dpf the proliferation rate
within the myocardium increases. To identify genes that control proliferation
and differentiation we have done a forward genetic screen. In this screen for
cardiac size, we identified 6 mutants with a larger heart phenotype and we
identified 1 mutant with a smaller heart phenotype. Further characterization
of the small heart mutant revealed that the hearts of this mutant contained
fewer cardiomyocytes that were also smaller, explaining the reduced heart
size.

Introduction

The shape and size of the heart is essential for its proper function of pump-
ing blood through the body and it is therefore vital to understand the genet-
ics of this process.
After induction of cardiomyocytes, the zebrafish heart forms a cardiac disk
from 2 bilateral pools of progenitor cells (Stainier et al., 1993) (Glickman and
Yelon, 2002). This disk then extends, starts jogging and rotates, and forms a
cardiac tube at 24 hpf (Smith et al., 2008). The heart tube then loops and the
2 chambers form by ballooning of the myocardium (Auman et al., 2007). Dur-
ing the looping process, the heart size is increased extensively. Several
processes are important for cardiac growth, like (I) proliferation of cardiomy-
ocytes, (II) differentiation of surrounding mesoderm into cardiomyocytes and
(III) hypertrophic growth of existing cardiomyocytes.
Proliferation of cardiomyocytes is well studied in chick. The cardiac precursors
proliferate at a high rate. As the myocardium differentiates and forms the car-
diac tube, the proliferation rate drops. Subsequently, the ventricular region of
the heart tube reinitiates proliferation during looping when the chambers are
formed (Soufan et al., 2006). In zebrafish, the liebeskummer (lik)/reptin mu-
tant has a hyperplastic heart. This phenotype is apparent at 72 hpf and is
caused by an over proliferation of cardiomyocytes at this stage of develop-
ment (Rottbauer et al., 2002). Not only is the rate of proliferation important for
cardiac growth but also the direction of proliferation. Both studies in mouse

Pater proefschrift hfd 2:Layout 1  09-04-2010  16:03  Pagina 29



and zebrafish have shown that proliferation of cardiomyocytes has a specific
orientation. The proliferation of cardiomyocytes is perpendicular to the ante-
rior-posterior axis of the heart. This is required for structure and strength of the
cardiac wall and the signals that control this process arise likely from the en-
docardium. A zebrafish mutant, heart of glass (heg) shows that when this is
disrupted, the heart has normal cardiomyocyte number but is grossly dilated
(Meilhac et al., 2004) (Mably et al., 2003) reviewed in (Auman and Yelon,
2004).
In amniotes, after the linear heart tube has formed, cells from the surround-
ing mesoderm can still differentiate into cardiomyocytes. This process is
known as the second heart field (SHF). The addition of these newly differen-
tiated cardiomyocytes occurs on both poles resulting in the extension of the
cardiac tube. Many factors are required for this differentiation, like FGF sig-
naling, Bmp signaling and the transcription factors Tbx1 and Islet1 (reviewed
in (Rochais et al., 2009). The zebrafish heart tube extends also through dif-
ferentiation of surrounding mesoderm. At the venous pole the heart tube ex-
tends through a process called continuous differentiation and this
differentiation requires Bmp signaling (chapter 4) (de Pater et al., 2009). The
arterial pole extends through discontinuous differentiation, which is a differ-
entiation process reinitiated after 34 hpf and requires Fgf signaling (de Pater
et al., 2009).
The third process with which the heart grows is hypertrophic growth of the
cardiomyocytes. Hypertrophic growth or the expansion of cardiomyocytes is
regionally confined, meaning that ventricular cardiomyocytes at the outer cur-
vature expand perpendicular to the arterial and venous axis so the chamber
can balloon. This expansion is mediated by both sarcomere structures within
the myocardial cell and blood flow that produces an extrinsic pressure
(Auman et al., 2007).
Only few genetic factors are identified that underlie these processes and we
do not know which process is most important for cardiac growth during the dif-
ferent embryonic stages in zebrafish. To find new genetic factors that are im-
portant for cardiac development in zebrafish, we have performed in a forward
genetic screen for cardiac size. We have found both mutants with larger and
with smaller hearts and the mutant with a smaller heart has been further char-
acterized.
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Results and Discussion

Cardiomyocyte proliferation is absent from 1 dpf to 2 dpf and reinitiates at
3 dpf

In chick embryos, cardiomyocyte proliferation is almost absent as the heart
tube is formed and cardiomyocyte proliferation is only reinitiated as the heart
starts looping and ballooning (Soufan et al., 2006). In order to determine pro-
liferation rate in the zebrafish heart we determined the number of phospho-
rylated-histone (pHis) positive cardiomyocytes in the zebrafish heart at
several developmental stages (Figure 1). pHis stains proliferating cells from
prophase until anaphase during mitosis. This graph represents the number of
pHis positive cardiomyocytes in the zebrafish embryo. We found that during
the cardiac tube stage from 24 hpf until 48 hpf the number of proliferating car-
diomyocytes was very low. At 3 dpf, when chamber ballooning is apparent,
proliferation was reinitiated. The number of cells however increased between
24 hpf and 48 hpf (data not shown and (de Pater et al., 2009)). To compare
proliferation of cardiomyocytes between the different stages and to correct
for the increase in cardiomyocyte numbers we calculated the proliferation
index (number of pHis positive cells per 100 cardiomyocytes). We found very
low proliferation indexes at 24 hpf and 48 hpf (0.8 and 0.15 respectively),
however at 72 hpf the proliferation index increased to 1.2. The zebrafish heart
starts to balloon at 36 hpf and chambers are apparent at 48 hpf. At these time
points in cardiac development, we observed very little cardiomyocyte prolif-
eration. Our findings therefore suggest that contrary to observations in chick
embryos, proliferation contributes very little to the initial phases of chamber
ballooning in the zebrafish heart.

A forward genetic screen for cardiac size resulted in 7 mutants

To identify new genetic factors involved in cardiac growth we performed a for-
ward genetic screen for mutants with an increased or reduced heart size. We
performed the screen on 5 dpf embryos to identify genetic factors that are im-
portant in any of the processes (proliferation, differentiation and cell shape
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Figure 1. Cardiomyocytes proliferation is
reinitiated at 3 dpf.
(A) Graphical representation of the number of phos-
phorylated histone (pHis) positive cells per heart at
various stages of embryonic development. Prolifer-
ation rates are very low in the early zebrafish stages
until 48 hpf, however proliferation is reinitiated at 3
dpf.
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changes) that contribute to cardiac growth. To determine the size of the heart
at 5 dpf we fixed the embryos and stained all cardiomyocytes by in situ hy-
bridization using a cardiac myosin light chain 2 (cmlc2) probe. In total ap-
proximately 700 F2 families were screened resembling approximately 650
genomes. In total 41 putative mutants were found of which 12 mutants were
confirmed in the same generation. 7 mutants were recovered in the next gen-
eration (Table1).

Mutants with a larger heart identified in this forward genetic screen have a
severely enlarged atrium

The larval heart phenotypes were further characterized in two separate
groups. The larger heart phenotype consisted of a group of 8 mutants of which
6 were selected to work further on. The smaller heart phenotype consisted of
a group of 4 mutants (Table 1). The mutants with a larger heart phenotype
were confirmed using in situ staining for cmlc2 in the next generation (Figure
2A-L). These embryos were subsequently sectioned in plastic to preserve
morphology (Figure 2N and O). From these sections, the ventricle and atrial
size were determined using a formula approximating the volume of an oval
structure. 2 diameters were taken, one in length (a) and one in width (b) and
the depth of the chambers was calculated using the number of sections
through the chambers times the thickness of one section (c), which was 7
µm. The formula to calculate the approximate volume of an oval shape was
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Table 1. Larval families with a confirmed heart phenotype 

 
Table 1. All mutants in the list were confirmed in Tuebingen. Not all mutants were worked on 
further and therefore no carriers have been retrieved. *, more pairs from the same family 
selected. 
 

Family Phenotype Additional phenotype Carriers retrieved
Class I Larger heart
RA129-10 21% (9/42) Stringy heart in 9/42 but not linked yes
RA172-05 29% (6/21)* Ectopic tail, not linked yes
RA182-01 25% (5/20) -
RA192-02 24% (4/17) Small eyes -
RA202-07 18% (4/22) yes
RA220-02 17% (4/24)* yes
RA225-04 20% (5/25) yes
RA275-06 16% (5/31)* Protruding mouth, no swimbladder 

and edema
yes

Class II Smaller heart
RA184-01 23% (7/30) no
SJ043-02 24% (5/21) Small ventricle no
PJ152-01 30% (7/23) -
TA005-01 19% (3/16) Looping defect? yes
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used (1/3π*a*b*c). These were then normalized for the volume of a sibling of
the same clutch. The results are shown in the graph in figure 3M and we found
that in all mutants mainly the atrium was most severely enlarged. The car-
diac wall did not show any abnormalities.
The mutants were also followed live and in all mutant families, the phenotype
became apparent after 3 dpf (data not shown). Furthermore, the blood flow
of the mutants was impaired at 3 dpf and we detected regurgitation of the
blood, where the blood flows back and forth between the atrium and the ven-
tricle. The regurgitation of the blood is suggestive that these mutants do not
form proper valves that prevent the blood from flowing back into the atrium.
Therefore, the observed enlargement of the atrium at 5 dpf could have been
due to a buildup of pressure in the atrium and therefore a secondary defect
of the mutation. Furthermore, all our identified mutants are offspring of the
same ENU treated male (RA), this indicates that our phenotypes may be
caused by a background mutation in this line and that we identified the same
mutation 6 times in this screen. We have not performed complementation
tests between the identified lines to confirm this.

TA005 presents with fewer cardiomyocytes at 3 dpf

The second class of mutants that we identified displayed a smaller heart at 5
dpf. To further characterize these mutants, the phenotypes were analyzed in
the next generation. Mutant TA005 could be re-identified in the next genera-
tion.
From this screen, we had initially identified 4 mutants with a smaller heart
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Figure 2. Overview of the identified
larger heart mutants.
(A-L) In situ of cmlc2 showing a WT sib-
ling in (A, C, E, G, I and K) and a mutant
(B, D, F, H, J and L) of the 6 identified
families at 5 dpf.
(M) Graphical representation showing the
relative cardiac chamber size of each mu-
tant family compared to its WT sibling.
Note that for all these families the size of
the atrium is most enlarged compared to
its WT sibling.
(N-O) Plastic sections through the heart
of a (N) sibling and a (O) mutant of family
RA129 stained by an in situ for cmlc2 at
the position of the atrio-ventricular bound-
ary showing both the ventricle and the
atrium. The heart is indicated by the dot-
ted line. a, atrium; v, ventricle
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phenotype. However, when these lines were crossed to a polymorphic WIK
line to produce the next generation for mapping, we lost the small heart phe-
notype in 3 of the 4 mutant lines.
We determined that the phenotype of the TA005 mutant becomes apparent
at 3 dpf. The embryo appeared completely normal until this stage and mu-
tant embryos could not be selected before 3 dpf (Figure 3A-F). To address
the possible cause of the smaller heart, we determined first the number of
cardiomyocytes in the ventricle and in the atrium at 3 dpf. We found that the
number of cardiomyocytes in both the ventricle as well as in the atrium of mu-
tant embryos was smaller compared to wild type siblings, however these
numbers were not significant due to the low number of embryos analyzed
(data not shown and Figure 3G-I). Furthermore, the confocal scanning of
these mutant and sibling hearts indicated that the nuclei of the mutant atria,
indicated by Tg(cmlc2:Dsred-Nuc), are more densely packed then the nu-
clei of the sibling atria. This suggests that besides the number of cardiomy-
ocytes in the mutant hearts also the size of the cardiomyocytes is reduced
and that this combination results in a much smaller appearance of the mu-
tant heart.
We decided to map the gene to a locus. To map the mutation to a locus, we
used a SNP panel to map the location of the mutation. We found linkage with
linkage group 4. Additionally, we confirmed the mapping of TA005 to chro-
mosome 4 with bulked segregate analysis using SSLP markers. TA005 pre-

Figure 3. TA005 presents with a
smaller heart at 3 dpf.
(A-B) Live image of a sibling and a
mutant embryo from a clutch of
TA005 embryos at 3 dpf. The mutant
embryo has a normal body size com-
pared to WT and has normal circula-
tion. The mutant is characterized by
its smaller heart that leads to a small
edema of the pericardiac sack.
(C-F) In situ hybridization for cmlc2
showing the reduction of cardiac size
in the mutant embryos of TA005
where C and D is a representative
WT sibling embryo and E and F is a
representative mutant embryo.
(G-H) confocal z-scan through the
heart of a WT and mutant embryo at
3 dpf, showing an antibody staining
for Dsred from the Tg(cmcl2:Dsred-

nuc) line recognizing cardiomyocytes in red and an antibody staining recognizing atrial
cells (S46) in green. Scale bar represents 50 µm.
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sented with fewer cardiomyocytes at 3 dpf and the cardiomyocytes appeared
smaller. Since we found that proliferation is reinitiated at 3 dpf in cardiomy-
ocytes, we speculate that the mutation in TA005 affects proliferation. Further
analysis of this mutant will identify the location of the genetic lesion and iden-
tify the cause of the mutation.

Conclusions

From our results obtained with this study, we can conclude that the prolifera-
tion rate of cardiomyocytes in the zebrafish embryo is low at 24 hpf and at 48
hpf and that proliferation is reinitiated at 3 dpf. Furthermore, we can conclude
forward genetic screening for cardiac size is possible. We have identified and
mapped the TA005 mutation that promotes cardiac growth to a linkage group.
Further mapping of the genetic lesion in TA005 hopefully will identify a novel
factor that controls cardiac growth.

Acknowledgements

We gratefully thank Brigitte Walderich and Christiane Nusslein-Volhard and
ZF-models for hosting the screen and for our participation in the forward ge-
netic screen. We thank Zhillian Hu for practical help during the screen. We
thank members of the Bakkers Laboratory for valuable discussions.

Experimental procedures

Animal husbandry and ENU mutagenesis
For the larval screen the males were 6 times treated with a concentration of 3.0 mM of ENU.
Outcrosses for identification of the mutants in the next generation were performed with poly-
morphic WIK lines. The embryos were cultured at 28.5 ºC.

Screen setup and whole mount in situ hybridization
The ENU treated male tuebingen fish were outcrossed to WT tuebingen females, generating
the F1 generation. Fish from the F1 generation were subsequently outcrossed. The F2 gen-
eration, which was subsequently obtained, was incrossed to obtain the F3 generation that was
screened at 5 dpf. The embryos were anesthetized with MS222 and subsequently fixed in 4%
PFA O/N. The embryos were further processed for an in situ for cmlc2 and a marker for head
neurons, screened for by a co-screener, as previously described (Chocron et al., 2007). After
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the in situ embryos were screened in pbs containing 0.01% Tween20. Pictures for figures were
taken in Murrays (Benzyl benzoate/benzyl alcohol) (2:1).

Immunohistochemistry and cell counts
Whole mount immune fluorescence was performed according to (Smith et al., 2008). To count
cardiomyocytes we crossed the TA005 line into the Tg(cmlc2:dsred2-nuc) line and subse-
quently stained using an α-DsRed antibody (Clontech, 1:100) and an α-AMHC antibody (s46
from the Hybridoma bank 1:10) and a nuclear counter stain with DAPI. Images were acquired
by confocal microscopy with a Leica CLSM confocal microscope. 3-D reconstruction and cell
counting were performed using Volocity software (Improvision).

Mapping
Bulked segregate analysis on genomic DNA of 48 pooled mutant and sibling embryos was
carried out as previously described (Michelmore et al., 1991). A panel of 8 polymorphic mi-
crosatellite markers (SSLP) per chromosome was tested on both pools and linkage was de-
termined at a single embryo level.

Kaspar mapping
A pool of 48 mutant embryos and sibling embryos was used for chloroform DNA extraction and
used for Kaspar mapping. The KASPar panel consisted of 1073 SNPs (KBioscience). KASPar
PCR makes use of the difference between sequences (SNPs) where two forward primers are
designed over a polymorphism and a single reverse primer is used. The two forward primers
are separately labeled and KASPar genotyping is based on the ratio between two labels which
can be detected after the PCR. Since we made use of a pool of mutants and siblings, no link-
age is determined when the two pools cannot be separated in the plot and linkage is deter-
mined when these two pools can be separated.
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Abstract

Amongst animal species, there is enormous variation in the size and com-
plexity of the heart, ranging from the simple 1-chambered heart of Ciona in-
testinalis to the complex 4-chambered heart of lunged animals. To address
possible mechanisms for evolutionary adaptation of heart size, we studied
how growth of the simple 2-chambered heart in zebrafish is regulated. Our
data show that the embryonic zebrafish heart tube grows by a substantial in-
crease in cardiomyocyte number. Augmented cardiomyocyte differentiation,
as opposed to proliferation, is responsible for the observed growth. Using
transgenic assays to monitor developmental timing, we visualized for the first
time the dynamics of cardiomyocyte differentiation in a vertebrate embryo.
Our data identify two previously unrecognized phases of cardiomyocyte dif-
ferentiation separated in time, space and regulation. During the initial phase,
a continuous wave of cardiomyocyte differentiation begins in the ventricle,
ends in the atrium, and requires Islet-1 for its completion. In the later phase,
new cardiomyocytes are added to the arterial pole, and this process requires
Fgf signalling. Thus, two separate processes of cardiomyocyte differentiation
independently regulate growth of the zebrafish heart. Together, our data sup-
port a model in which modified regulation of these distinct phases of car-
diomyocyte differentiation has been responsible for changes in heart size and
morphology among vertebrate species.

Introduction

The vertebrate heart acquires its three-dimensional structure during embry-
onic development. In all vertebrates, the heart starts out as a simple linear
tube. Expansion of the linear heart tube is followed by valve formation and
septation to form a two-, three- or four-chambered heart. The regulation of
heart size and its relationship to the evolution of the cardiac chambers re-
main long-standing mysteries.

Growth of the heart tube could be either mediated through cell proliferation or
by recruitment of new cardiomyocytes into the organ. Although cardiac cells
do proliferate, it is rather rare in the linear heart tube. In the chick heart my-
ocardial proliferation only starts at stage 12 when the heart tube has already
looped and chambers start to emerge (Soufan et al., 2006). Early work of de
la Cruz in the chick embryo demonstrated that the heart lengthens by addi-
tion of cells to the arterial (outflow) pole of the heart (de la Cruz et al., 1977).
Later studies in mouse and chick confirmed that, in these organisms, the em-
bryonic primitive heart tube grows and becomes structurally elaborate due to
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the significant addition of cells to the right ventricle and outflow tract (OFT)
from the pharyngeal mesoderm, also referred to as the secondary or anterior
heart field (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo et al., 2001). Later
studies revealed an extension of this population of progenitor cells more pos-
terior that also contribute to the venous pole of the heart (atria) (Cai et al.,
2003). The progenitor cells located within the pharyngeal mesoderm that con-
tribute cardiomyocytes to both the arterial pole as well as to the venous pole
were referred to as the second heart field (SHF) as opposed to the first heart
field, giving rise to the cells of the early cardiac tube (Buckingham et al.,
2005). A lack of markers that are specific for the primary heart field has made
it difficult to determine its location. The recent observation that Islet-1 protein,
previously used as a marker for the SHF, is present in all cardiomyocytes has
initiated a discussion about significance of the different heart fields (Prall et
al., 2007). This discussion has led to the alternative suggestion that the heart
tube grows by a continuous differentiation process (Moorman et al., 2007).
However, the inability to visualise cardiomyocyte differentiation has made it
difficult to resolve these issues.

Here we address the open question regarding the dynamics of cardiomyocyte
differentiation during cardiac development. Taking advantage of opportuni-
ties for high-resolution and live imaging of the zebrafish heart, we visualize for
the first time the dynamics of cardiomyocyte differentiation. Using a develop-
mental timing assay and a photoconvertible marker, we identify two phases
of cardiomyocyte differentiation. These previously unrecognized phases of
cardiomyocyte differentiation are separated in time, space and the molecular
mechanisms by which they are controlled.

Results

Cardiomyocyte cell number in the zebrafish heart tube increases during
looping

Growth of the 2-chambered zebrafish heart has not been studied systemati-
cally. To determine the number of cells in the zebrafish heart, we counted the
differentiated cardiomyocytes present in the linear heart tube and the looped
chambers. We used Tg(cmlc2:dsred2-nuc2) embryos that express nuclear
DsRed from the cardiac myosin light chain 2 (cmlc2) promoter in all differen-
tiated cardiomyocytes (Mably et al., 2003). To identify all cardiomyocytes ex-
pressing DsRed, Tg(cmlc2:dsred2-nuc) embryos were fixed for
immunofluorescence using an α-DsRed antibody (Fig. 1A-C). At 24 hours
post fertilization (hpf), the heart tube has formed from the cardiac disk and
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was found to contain 151 ± 12 (mean ± SEM, n=5) cardiomyocytes. Over the
next 24 h a significant increase in the number of cardiomyocytes was ob-
served (to 311 ± 10, n=5 at 48 hpf) (Fig. 1D and Supplementary Table I).
One explanation for the marked increase in cardiomyocyte number could be
cell proliferation. To test this hypothesis, serial sections were stained with an
antibody recognizing phosphorylated histone (phospho-His). Only a minimal
amount of phospho-His staining was present in the myocardium at 30, 36 and
48 hpf, while in the surrounding tissues, such as the lateral plate mesoderm,
many phospho-His positive cells were observed (Fig 1E,F).
To quantify the total number of cardiomyocytes that had undergone at least
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Figure 1. Insufficient proliferation in the my-
ocardium to account for increase of cardiomy-
ocyte number in the zebrafish heart
(A, C, E) To quantify cardiomyocyte numbers at var-
ious stages of development, Tg(cmlc2:dsred2-nuc)
embryos of 24 hpf, 36 hpf and 48 hpf were fixed,
stained using an α-DsRed antibody and imaged by
confocal microscopy. Maximum projections of the
DsRed signal is shown in these panels where the
dotted line outlines the heart tube. The arterial pole
(outflow) is to the top and the venous pole (inflow) to
the bottom. Schematic representations of embryos
at the various developmental stages are shown in
the left bottom of panels A, C and E where the white
outlines the embryo and the red represents the
forming heart tube at each stage. At 24 hpf a dorsal
view is shown and at 36 hpf and 48 hpf an anterior
view is represented. The scale bar represents 50
µm. V, ventricle; A, atrium.
(B, D, F) Brightfield images of the embryos used
for panels A, C and E where the eyes are outlined
by the dotted lines.
(G) Phospho-His staining (brown) on transverse
sections through the heart at 36 hpf. The dotted
line indicates the myocardium. White arrowhead
points to phospho-His positive cell in the neural
tube. The scale bar represents 25 µm.
(H) Graphical representation of the total number of
phospho-His positive myocardial cells/embryo at
30 (n=3), 36 (n=3) and 48 hpf (n=6). Bars repre-
sent mean ± SEM.
(I) BrdU labeling from 24-48 hpf. White arrowheads
indicate BrdU-positive (brown) endocardial cells,

and the red arrowhead indicates a BrdU-positive blood cell. Black arrows indicate BrdU-
positive myocardial cells. The scale bar represents 10 µm.
(J) Enlargement of the black box of panel I indicating BrdU positive cells in the arterial pole
of the 48 hpf zebrafish heart where the myocardium is outlined by the dotted line.
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Figure 2. Delayed cardiomy-
ocyte differentiation first
arises at the venous pole and
later also contributes cells to
the arterial pole.
(A-I) Developmental timing assay
images: Reconstruction of confo-
cal Z-stacks of eGFP (A, D, G),
DsRed (B, E, H), and overlay (C,
F, I) from Tg(cmlc2:eGFP)/
Tg(cmlc2:dsred2-nuc) embryos.
The arterial pole is to the top left.
The dotted line outlines the eGFP
positive heart tubes. The scale
bars represent 50 µm.
(A-C) At 24 hpf, eGFP fluores-
cence was visible in the entire
heart tube. At this time point, no
DsRed fluorescence was ob-
served.
(D-F) At 36 hpf, the eGFP fluo-
rescence was visible in the entire
heart tube. DsRed fluorescence
was only detected in the ventricle
and at the inner curvature of the
atrium. Arrows point to the re-
gions in the heart tube that are
negative for the DsRed signal.
(G-I) At 48 hpf, both GFP and
DsRed fluorescence were ob-
served in the heart tube. The
DsRed signal remained absent
from the poles, which were posi-
tive for eGFP (indicated by the
arrows).
(J,K) Single confocal scan from
Tg(cmlc2:GFP)/Tg(cmlc2:dsred2-
nuc) embryos at 48 hpf at the
level of the arterial pole. The dot-
ted line indicates the eGFP signal
shown in panel J. The arrows

point to the most distal outflow tract cells that are positive for eGFP but negative for DsRed
(K). The signal within the heart lumen detected in K but not in J is derived from background
fluorescence from red blood cells. The scale bar represents 25 µm.
(L) Schematic representation of the location of the eGFPposDsRedpos cells (yellow) and the
eGFPposDsRedneg (green) cells in the arterial pole.
(M-R) Reconstruction of confocal Z-stacks of Tg(cmlc2:Kaede) embryos with the arterial
pole of the heart tube to the top.
(M-O) Tg(cmlc2:Kaede) embryos photoconverted at 19 hpf and imaged at 26 hpf with the
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one round of DNA replication during heart looping, embryos were soaked in
a solution containing BrdU from 24 hpf until 48 hpf. When sectioned and
stained by an α-BrdU antibody, only 16 ± 2 (n=6) BrdU positive cardiomy-
ocytes per embryo were observed (Fig 1G,H and Supplementary Fig. 1 and
2). Surprisingly, 54% of the BrdU positive cells found in the myocardium were
located near the two cardiac poles (within 4 tiers of cells at the end the my-
ocardial tube), adjacent to the highly proliferating mesenchyme (Fig. 1H).
From the BrdU incorporation and the phospho-His staining, we conclude that
the low rate of proliferation within the myocardium cannot account for the sub-
stantial increase in cardiomyocyte number that we observed in the heart be-
tween 24 and 48 hpf.

Distinct phases of cardiomyocyte differentiation at the venous and arterial
poles

Our finding that a large fraction of BrdU positive cells was located near the
poles suggested either a local zone of proliferation or the addition and differ-
entiation of cells that originate from the adjacent proliferating mesenchyme to
the poles of the heart tube. To investigate cardiomyocyte differentiation we uti-
lized a developmental timing assay by examining double transgenic animals
expressing both eGFP and DsRed in differentiating cardiomyocytes (using
the cardiac myosin light chain 2 (cmlc2) promoter (Tg(cmlc2:eGFP)/
Tg(cmlc2:dsred2-nuc)). This approach takes advantage of the observation
that the DsRed protein requires more time (approximately 24 h) to mature
and fluoresce compared with eGFP, which matures and fluoresces very rap-
idly (Lepilina et al., 2006; Verkhusha et al., 2001). If cardiomyocyte differen-
tiation occurs at different time points, one would expect to find two populations
of cells within the heart myocardium; eGFPposDsRedpos cells, which have ini-
tiated differentiation early, and eGFPposDsRedneg cells, which have initiated
differentiation at a later stage. If cardiomyocyte differentiation occurs at the
same time in all cells, one would expect to find a single population of eGFP-
posDsRedpos cells.
We could confirm the long maturation time for DsRed protein in the double
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green unconverted signal in grey in (M), the converted red signal in grey in (N) and a merged
image in (O). The arrow indicates the location of atrial cells that are green but not red, indi-
cating that they were not expressing the transgene at the time of photoconversion. The
dotted line indicates the green signal at 26 hpf. V, ventricle; A, atrium.
(P-R) Tg(cmlc2:Kaede) embryos photoconverted at 34 hpf and imaged at 48 hpf with the
green unconverted signal in grey in (P), the converted red signal in grey in (Q) and a merged
image in (R). Images are of a partial reconstruction of confocal Z-stacks allowing a view
into the ventricle chamber. The dotted line indicates the green signal at 48 hpf and the arrow
in Q indicates the location of distal outflow tract cells that are green but not red, indicating
that they were not expressing the transgene at the time of photoconversion.
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transgenic embryos (Tg(cmlc2:eGFP)/Tg(cmlc2:dsred2-nuc)). At 24 hpf, the
heart tube has formed, and strong eGFP fluorescence was detected in the
cardiomyocytes (Fig. 2A). The DsRed fluorescence was still not detectable
(Fig. 2B,C), even though antibody staining demonstrated that the DsRed pro-
tein was abundantly present at that time (Supplementary Fig. 3). The DsRed
fluorescence was detectable by confocal microscopy only from 36 hpf on-
ward. Intriguingly, we found two pools of cardiomyocytes, eGFPposDsRedpos

and eGFPposDsRedneg cells (Fig. 2D-F), suggesting that cardiomyocyte dif-
ferentiation had indeed occurred in different phases. The eGFPposDsRedpos

cells, which have initiated differentiation early, were located in the ventricle
and in a specific region of the atrium (inner curvature). The eGFPposDsRed-
neg cells, which have initiated differentiation at a later time point, were consis-
tently found in the atrium (mainly outer curvature) and at the arterial pole (Fig.
2D-F). This is consistent with our observation that the number of cmlc2-ex-
pressing cells in the lateral plate mesoderm increases gradually over time,
with expression in ventricular precursors preceding expression in atrial pre-
cursors (Supplementary Figure 4). At 48-55 hpf we still observed eGFPposD-
sRedneg cells located at both the venous and arterial poles (Fig. 2G-I). In a
single z-scan, at the level of the ventricle/outflow region, one can appreciate
the different intensities of the eGFP versus the DsRed signal, suggestive of
the addition of newly differentiating cardiomyocytes at the arterial pole (Fig.
2J-L and Supplementary movie 1).
To examine the timing of cardiomyocyte addition in more detail, we employed
a transgene (Tg(cmlc2:kaede)) in which expression of the red-to-green pho-
toconvertible fluorescent protein Kaede (Ando et al., 2002) is driven by the
cmlc2 promoter. In Tg(cmlc2:kaede) embryos, photoconversion of Kaede
can mark the differentiated cardiomyocytes present at a specific timepoint:
the green form of Kaede in all cmlc2-expressing cells converts into the red
form, labeling these cells with red fluorescence even as they continue to pro-
duce additional green Kaede (Supplementary Fig. 5). In contrast, newly dif-
ferentiating cells that begin expressing cmlc2 after the time of
photoconversion will fluoresce green, but not red (Supplementary Fig. 5).
Photoconversion at 34 hpf, followed by examination of fluorescence at 48 hpf,
revealed a population of green, but not red, cardiomyocytes at the distal por-
tion of the arterial pole, indicating the addition of these cells between 34 and
48 hpf (n=8/8; Fig. 2P-R and Supplementary Fig. 5). However, we did not ob-
serve the addition of cardiomyocytes to the venous pole during the same time-
frame (n=8/8; Supplementary Fig. 3). Instead, addition of atrial cells seems
to occur at earlier stages. Photoconversion at 19 hpf, followed by examina-
tion at 26 hpf, demonstrated that cardiomyocytes are added to a portion of the
atrium (its future outer curvature) following the initial differentiation of the ven-
tricle and the future atrial inner curvature (n=4/4; Fig. 2M-O and Supplemen-
tary movie 2). In these embryos, we did not observe any cells being added to
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the arterial pole. Synchronizing these data with the results of our develop-
mental timing assays, we find a defined sequence for cardiomyocyte differ-
entiation in zebrafish. An initial wave of differentiation begins with the
formation of the ventricle and continues to gradually create the atrium; sub-
sequently, additional cardiomyocytes are appended to the arterial pole.

Islet-1 mutants have reduced cardiomyocyte differentiation at
the venous pole

Next we wanted to identify the signals that regulate these two waves of car-
diomyocyte differentiation. Islet-1 (Isl1) deficient mouse embryos lack part of
the atria and most of the outflow tract and right ventricle, suggesting that Isl1-
expressing cells contribute to both the venous and arterial poles of the mouse
heart (Cai et al., 2003). More recent studies demonstrated that Isl1 is ex-
pressed throughout the heart (Prall et al., 2007) and is also required for heart
morphogenesis and early cardiomyocyte specification in Drosophila and
Xenopus, respectively (Brade et al., 2007; Tao et al., 2007). To identify a pos-
sible isl1-positive cardiac progenitor cell population in the zebrafish, we ana-
lyzed expression at various stages. Using an antibody recognizing both Isl1
and Isl2 proteins (Hutchinson and Eisen, 2006; Wan et al., 2006), we ob-
served a strong nuclear signal in the trigeminal sensory ganglia, the vascu-
lar endothelium, and the endoderm, which lays dorsal to the cardiac field
(Trinh Le and Stainier, 2004)(Fig. 3B,C). We also observed a nuclear signal
in cells located at the periphery of the cardiac field where future atrial cells are
located (Fig. 3A-F and Supplementary Fig. 6). Frequently the Isl-positive cells
also expressed Tg(cmlc2:eGFP), indicating that cardiomyocyte differentiation
had been initiated in the Isl-positive cells.
To address whether zebrafish Isl1 is required for normal heart development,
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Figure 3. Isl localization in
cardiomyocytes of the fu-
ture atrium
(A-F) Isl is expressed in car-
diac cells located at lateral
positions in the cardiac disk.
Single Z-scans of confocal
images of Tg(cmlc2:eGFP)
embryos at 23 somites im-
muno-fluorescently stained

with α-eGFP and α-Isl antibodies. C and F show an overlay with eGFP in green and Isl in
red. Images in lower panels (D-F) are zoomed in on one side of the cardiac disk. Arrows
indicate the eGFPposIslpos cells located at lateral positions (future atrium) of the cardiac disk.
The white arrowhead indicates Isl-positive cells in the endocardium and the green arrow-
head indicates the Isl signal in the trigeminal sensory ganglion. Scale bars represent 50 µm.
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we screened for mutant alleles in a ENU-mutagenized library (Wienholds et al.,
2002). We identified one allele that results in a premature stop codon in the
third exon, removing part of the LIM-domain and the entire homeobox (figure
4A-B). At 24 hpf the isl1 mutant embryos look morphological normal but are im-
motile, which can be explained by the function of Isl1 described in primary
motor neurons (Hutchinson and Eisen, 2006) (Supplementary Fig. 7 A-D and
data not shown). In addition to the motility defect the heart of isl1 mutant em-
bryos contracts irregular and with a reduced frequency (bradycardia) (Fig. 4C).
While the heart frequency in wt siblings will rise from 80 ± 1 beats/min at 24
hpf to 163 ± 4 beats/min at 48 hpf, heart frequency of isl1 mutants remained
low (95 ± 3 beats/min at 48 hpf, 58 ± 3 beats/min at 72 hpf). In addition, isl1
mutant hearts showed frequent pauses in the cardiac contraction resulting in
reduced blood circulation in the trunk and tail (Supplementary movie 3). Sub-
sequently, isl1 mutant larvae die between 5 and 7 dpf.
To identify a possible cause for the cardiac defects observed in isl1 mutant
embryos we performed in situ hybridizations with several cardiac marker
genes. While nkx2.5 and cmlc2 were normally expressed, bmp4 expression
was clearly affected in isl1 mutants (Fig. 4D,E and data not shown). In wt sib-
lings bmp4 was expressed in the OFT, atrioventricular canal (AVC) and sinus
venosus (SV). Surprisingly, while bmp4 expression in the OFT and AVC was
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Figure 4. Cardiac defects of
isl1K88X mutant embryos.
(A) Cartoon representing the Isl1
protein with the location of the
premature stop codon (K88X)
identified in the isl1 mutant.
(B) DNA sequence of a homozy-
gous WT sibling in the top panel
and DNA sequence of the ho-
mozygous isl1K88X mutant at the
site of the mutation (AAG>TAG)
resulting in a premature stop
codon
(C) Graphical representation of
the number of heart beats per
minute measured at 24 hpf, 48
hpf and 72 hpf of WT sibling em-
bryos (closed square) and isl1
mutant embryos (open square).
(D-E) In situ hybridization for
bmp4 on 48 hpf sibling (D) and
isl1 mutant (E) embryos. The

black arrow in (D) indicates the bmp4 expression in the sinus venosus of a wt embryo. The
red arrow in E indicates the inflow area of a representative isl1 mutant embryo lacking the
bmp4 expression. Embryos are shown as frontal-ventral views (OFT to the top).
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unaffected in isl1 mutants, bmp4 expression in the SV was completely abol-
ished.
To address whether the observed cardiovascular defects in isl1 mutant em-
bryos could result from a defect in cardiomyocyte differentiation, we used the
above-described developmental timing assay. To do so we crossed the isl1
mutation into Tg(cmlc2:eGFP)/Tg(cmlc2:dsred2-nuc) double transgenic em-
bryos and quantified the number of eGFPposDsRedpos cardiomyocytes and
eGFPposDsRedneg cardiomyocytes in confocal images after 3D reconstruction
(Fig. 5A-F) (for a detailed description of methodology see Supplementary
Methods). We observed no significant difference in the number of eGFPpos-

DsRedpos cells (siblings; 200 ± 6, mutants; 203 ± 7) nor in the number of eGF-
PposDsRedneg cells at the arterial pole (sibs: 28 ± 1; mutants: 32 ± 2) (Fig.
5G-K, Supplementary Table II), demonstrating that cardiomyocyte differenti-
ation still occurs. We did however observe a significant reduction in the num-
ber of eGFPposDsRedneg cells at the venous pole of isl1 mutants (25 ± 3 in
sibling hearts and 10 ± 3 in mutant hearts, p < 0.01 (Fig. 5D-F,K). To confirm
that the observed defects in cardiomyocyte differentiation resulted from the
loss of Isl1 function we used antisense morpholinos (MO) against isl1, which
affect splicing of the isl1 mRNA and thereby prevent Isl1 protein production
(Hutchinson and Eisen, 2006) (Supplementary Fig. 8). Using the develop-
mental timing assay we again observed a significant reduction in the number
of eGFPposDsRedneg cells at the venous pole, while the number of eGFPposD-
sRedneg cells at the arterial pole remained unaffected. The stronger effects on
cardiac morphology and the number of eGFPposDsRedpos cells observed after
isl1 MO injection were likely due to additional toxic effect of the MO injection.
Since isl1 mutant embryos display cardiac dysfunction we addressed whether
cardiac dysfunction by itself can affect cardiomyocyte addition. To interfere
with cardiac function we injected tnnt2 MOs (Sehnert et al., 2002). Although
cardiac contraction was abolished in tnnt2 injected embryos, the addition of
new cardiomyocytes to both poles of the heart tube was not significantly al-
tered (Supplementary Figure 9).
In conclusion the combined loss of bmp4 expression in the SV with the re-
duced number of eGFPposDsRedneg cardiomyocytes at the venous pole
demonstrate that in zebrafish Isl1 is specifically required to complete car-
diomyocyte differentiation at the venous pole and not at the arterial pole. This
suggests that other, Isl1-independent pathways, regulate the addition of car-
diomyocytes to the arterial pole (also see Discussion).

Fgf signaling is required for cardiomyocyte addition at the arterial pole

Two previous studies using conditional and hypomophic Fgf8 alleles in mouse
have demonstrated that Fgf signaling is crucial for the recruitment of SHF
cells to the arterial pole of the heart (Ilagan et al., 2006; Park et al., 2006).
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Consistent with the suggested role for fgf8 in arterial pole formation, the ze-
brafish fgf8 mutation acerebellar (ace) is known to diminish the size of the
ventricle (Reifers et al., 2000). Furthermore, inhibition of FGF signaling be-
tween 24 and 48 hpf reduces the number of ventricular cardiomyocytes in the
zebrafish heart, but the cellular mechanism responsible for this deficiency has
not yet been elucidated (Marques et al., 2008). To address whether Fgf sig-
naling is activated at the arterial pole, we analyzed sprouty4 (spry4) expres-
sion at stages between 24-48 hpf, since Sproutys are Fgf antagonists that
are induced by Fgf signaling (Furthauer et al., 2001; Hacohen et al., 1998).
At 24 hpf we observed very strong spry4 expression at the midhind-brain
boundary and much weaker expression near the arterial pole of the linear
heart tube (Fig. 6A,B). At 36 hpf spry4 expression was observed in the heart
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Figure 5. Reduced cardiomy-
ocytes differentiation at the ve-
nous pole in isl1 mutant
embryos.
(A-I) Single z-scan of the atrium of
a representative isl1K88X sibling (A-
C) and mutant (D-F) embryo. The
white arrow in B points to the
eGFPposDsRedneg cardiomyocytes
at the venous pole of the wt sibling
heart. The red arrow in E points to
the venous pole of the isl1 mutant
where only very few eGFPposD-
sRedneg cells are present.
(G-H) Single z-scan at the level of
the arterial pole showing the eGF-
PposDsRedneg cardiomyocytes in
the isl1 mutant (indicated by a
white arrow). The region shown is
similar to the control embryo in
Fig. 2G-I. The scale bar indicates
50 µm. V, ventricle: A, atrium.
(I) Schematic representation of
the location of the eGFPposDsRed-
pos cells (yellow) and the eGFPpos-

DsRedneg (green) cells in the
arterial pole of the isl1 mutant.
(J,K) Graphical representations of
the number of eGFPposDsRedpos

(J) and eGFPposDsRedneg (K) car-
diomyocytes/embryo. (K) The

eGFPposDsRedneg cardiomyocytes are subdivided in eGFPposDsRedneg cells present at the ar-
terial pole or venous pole. Note the significant reduction of eGFPposDsRedneg cells at the
venous pole in the isl1 mutants. Bars represent mean ± SEM. **, p < 0.01.
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tube and at the position where the arterial pole connects to the head meso-
derm (Fig. 6C). Speculating that Fgf8 might regulate the addition of cells to
the arterial pole of the zebrafish heart tube, we injected the eGFP/ DsRed
double transgenic embryos with an antisense MO targeting fgf8 and repro-
ducing the ace/fgf8 mutant phenotypes (Supplementary Fig. 10)(Draper et
al., 2001). In agreement with the reported role of Fgf signaling in cardiomy-
ocyte specification, the hearts of fgf8 MO injected embryos were much
smaller and we found that the total number of myocardial cells was signifi-
cantly decreased (control, 305 ± 23 n=3 versus fgf8 MO, 196 ± 6 n=4; p < 0.05
) (Fig. 6E-G,M). In addition, a significant reduction in the number of eGFPpos-

DsRedneg cells at the arterial pole was observed (control, 29 ± 1 n=3 versus
fgf8 MO, 17 ± 4 n=4; p < 0.05), while the number of eGFPposDsRedneg cells at
the venous pole did not change significantly (control, 32 ± 4 n=3 versus fgf8
MO, 26 ± 2 n=4) (Fig. 6 N, O and Supplementary Table II).
Next, we used the Fgfr inhibitor SU5402 to address the temporal requirement
for Fgf signaling during the addition of cells to the arterial pole. SU5402 effi-
ciently blocked Fgf signaling (Fig. 6 C, D). Double eGFP/DsRed transgenic
embryos were treated from 24 hpf until 48 hpf with SU5402 and eGFPposD-
sRedpos and eGFPposDsRedneg cells were quantified. In SU5402-treated em-
bryos, the number of eGFPposDsRedpos cells was unchanged indicating normal
cardiomyocyte specification (Fig. 6H-J, N and Supplementary table II). Fur-
thermore, the number of eGFPposDsRedneg cells at the venous pole of the
SU5402 treated embryos was equal to the number of eGFPposDsRedneg cells
in DMSO treated embryos (DMSO 30 ± 1 (n=3); SU5402 31 ± 3 (n=5)) (Fig.
6O). In contrast, the number of eGFPposDsRedneg cells at the arterial pole of
SU5402 treated embryos was significantly reduced (DMSO 30 ± 4; SU5402
6 ± 2 (n=5) p < 0.01) (Fig. 6K-M, O). Together, these results demonstrate that
Fgf signaling between 24 and 48 hpf is required for the addition of new car-
diomyocytes to the arterial pole of the zebrafish heart.

Discussion

In conclusion, using live imaging in the zebrafish model, we have been able
to visualize the dynamics of cardiomyocyte differentiation in a vertebrate em-
bryo revealing distinct phases of cardiomyocyte differentiation. Both the
GFP/DsRed developmental timing assay as well as the Kaede photoconver-
sion experiments demonstrated that the cardiomyocytes of the future ventri-
cle are the first to differentiate. New cardiomyocytes are added to the heart
by two distinct phases of cardiomyocyte differentiation. First, a cardiomyocyte
differentiation program starting in the ventricle and progressing along the
atrium allows a continuous addition of new cardiomyocytes to the venous pole
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Figure 6. FGF signaling is re-
quired for the addition of car-
diomyocytes to the arterial
pole.
(A-D) In situ hybridization for
sprouty4 (spry4)i (A,B) WT em-
bryos of 24 hpf lateral and dorsal
view respectively and on (C)
DMSO treated and (D) SU5402
treated embryos at 36 hpf
(A and B) Lateral and dorsal view
respectively of a 24 hpf embryo
where the arrow indicates the
spr4 expression near the arterial
pole of the heart tube and the as-
terisk indicates the mid-hind-
brain boundary. In B the heart
tube is indicated by the dotted
line.(C and D) Dorsal views of
embryos treated from 24 hpf until
36 hpf with DMSO or SU5402 re-
spectively showing spry4 expres-
sion in the DMSO treated embryo
outlined by the dotted line. The
arrows indicate the region of
spry4 expression which could
contribute cells to the heart tube.
(E-J) Images of the developmen-
tal timing assay (similar to Figure
2A-I). The arterial pole is at the
top left. V, ventricle, A, atrium.
The dotted line outlines the eGFP
positive heart tubes. The scale
bars represent 50 µm.
(E-G) Images from a representa-
tive fgf8 MO injected embryo
showing reduced heart size. The
white arrows indicate the eGFP-

posDsRedneg cells at the poles of the heart.
(H-J) Images from a representative embryo treated with SU5402 from 24-48 hpf. The red
arrow points to the arterial pole from which eGFPposDsRedneg are absent. The white arrow
indicates the eGFPposDsRedneg cells at the venous pole. The peripheral red dots are back-
ground signal from yolk granules. The diffuse red signal within the heart tube is due to back-
ground fluorescence of red blood cells accumulated within the heart lumen.
(K-L) Single Z-scan of a confocal image taken from a Tg(cmlc2:eGFP)/Tg(cmlc2:dsred2-
nuc) embryo treated with SU5402 from 24-48 hpf. A complete overlap of the eGFP (K) and
DsRed (L) signals at the distal tip of the outflow (red arrow) was observed as opposed to a
control embryo represented in Fig. 2J,K. The scale bar represents 25 µm.
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of the heart tube. At the arterial pole, a second phase of cardiomyocyte dif-
ferentiation that is temporally distinct from the initial phase of cardiomyocyte
differentiation was observed. This population of cells forming from the second
phase of differentiation will contribute to the outflow tract. In addition to this
separation in time and space (venous versus arterial pole respectively), we
also demonstrated differences in the regulation of the two phases of car-
diomyocyte differentiation.

Cardiomyocyte differentiation at the venous pole

Using two different assays, developmental timing and Kaede photoconver-
sion, we demonstrated that cardiomyocyte differentiation is initiated in the
ventricle. Subsequently, atrial cells are added at the venous pole by a con-
tinuation of cardiomyocyte differentiation. These results are in agreement with
the previous findings in both chick and zebrafish that the induction of atrium-
specific myosin gene expression occurs after the induction of ventricle-spe-
cific myosin expression (Berdougo et al., 2003; Yutzey et al., 1994). Our
Kaede photoconversion experiments demonstrate that the differentiation at
the venous pole is completed by 34 hpf at the latest. Finally our results
demonstrate that Isl1 is required to complete the cardiomyocyte differentiation
process at the venous pole. Interestingly we observed bradycardia and fre-
quent pauses in cardiac contraction, in the zebrafish isl1 mutant embryos.
This was not reported for the mouse Isl1 mutants, which could have been
due the severe heart failure observed in these embryos (Cai et al., 2003).
Earlier experiments in chick demonstrated that intrinsic heart beat frequency
increases over the anteroposterior axis and that a single pacemaker area be-
comes established at the venous pole (Moorman et al., 1998) and references
therein). Problems in pacemaker activity result in a so-called sick sinus syn-
drome, which is characterized by arrhythmias such as sinus bradycardia and
sinus pauses or arrests (Dobrzynski et al., 2007). Therefore the reduced
heart frequency and the pauses in contraction that we observed in isl1 mu-
tant embryos could be explained by a failure of cardiomyocyte differentiation
at the venous pole. Indeed we observed a specific loss of bmp4 expression
and a significant reduction in the number of eGFPposDsRedneg cells at the ve-
nous pole, demonstrating reduced cardiomyocyte differentiation at the ve-
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(M) Schematic representation of the location of the eGFPposDsRedpos cells after SU5402
treatment.
(N-O) Graphical representation of the number of eGFPposDsRedpos (N) and eGFPposDsRedneg

(O) cardiomyocytes/embryo. (O) The eGFPposDsRedneg cardiomyocytes are subdivided in
eGFPposDsRedneg cells present at the arterial pole or at the venous pole. Bars represent
mean ± SEM. Note the reduction in the number of eGFPposDsRedneg cells located at the ar-
terial pole after fgf8 MO injection or SU5402 treatment. *, p < 0.05, **, p < 0.01.
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nous pole. One explanation for the residual cardiomyocyte differentiation ob-
served in isl1 mutant embryos could be that Isl1 is redundant with other Islet
factors during cardiomyocyte differentiation. Since the α-Isl antibody we used
can recognize both Isl1 and Isl2 proteins and almost all signal is lost in the isl1
mutant (Supplementary Fig. 7) We believe this to be a less likely explana-
tion. An alternative explanation would be that Isl1 is required for the differen-
tiation of a specific subset of cardiomyocytes located at the venous pole.
Since Isl1 is expressed in various cell types near and in the differentiating
cardiomyocytes (Fig. 3), the autonomy of Isl1 during cardiomyocyte addition
at the venous pole remains an open and interesting question.
Contrary to an earlier study in Xenopus in which it was demonstrated that Isl1
knock-down affects differentiation of all cardiomyocytes (Brade et al., 2007),
we did not observe any effect on the expression of early cardiac markers (e.g.
nkx2.5 ) in isl1 mutant or isl1 MO injected embryos (E. P. and J. B. unpub-
lished observations).
Mouse Isl1 also has a much broader function compared to our observations
for Isl1 function in zebrafish. Mouse Isl1 is required for the recruitment of cells
to both the venous pole (both atria) as well as to the arterial pole (right ven-
tricle and OFT) (Cai et al., 2003). Possible explanations for these differences
could be that at the arterial pole zebrafish Isl1 is redundant with other Islet fac-
tors, which we believe to be less likely due to the arguments described above.
An alternative and more likely explanation would be that these differences re-
flect evolutionary differences between teleosts and amniotes, responsible for
the recruitment of the extra cardiomyocytes required to form the additional
chambers (see also below).

Cardiomyocyte differentiation at the arterial pole

The Kaede photoconversion experiment demonstrates that there is disconti-
nuity between the initial phase of differentiation, giving rise to cardiomyocytes
that form the ventricle and atrium, and the later addition of cells to the arte-
rial pole. At 19-26 hpf, when cardiomyocytes are still added to the venous
pole, addition of new cardiomyocytes to the arterial pole was hardly observed.
Addition of new cardiomyocytes at the arterial pole was only apparent at later
stages of cardiac development (34-48 hpf). Interestingly, BrdU labeling in
chick has revealed a population of labeled cardiomyocytes at the venous pole
at stage 10, when no such cells were evident at the arterial pole (Soufan et
al., 2006). It was suggested that these venous pole cells had incorporated
BrdU in the splanchnic mesoderm before being added to the venous pole.
Together with the observation that cells are not added to the arterial pole until
after stage 12 (de la Cruz et al., 1977) (Mjaatvedt et al., 2001), this would
suggest that cardiomyocyte differentiation at the venous pole is occurring
much earlier than differentiation at the arterial pole in chick embryos. How-
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ever, visualizing the dynamics of cardiomyocyte differentiation in mouse or
chick embryos would be required to allow a direct comparison of the dynam-
ics.
Our data demonstrate that the cardiomyocyte differentiation at the arterial
pole is independend of Isl1 but requires Fgf8 signaling. The smaller ventricle
previously observed in ace/fgf8 mutant fish and the smaller ventricle gener-
ated by blocking Fgf signaling at the linear heart tube stage (Marques et al.,
2008; Reifers et al., 2000) can now be explained by diminished cardiomy-
ocyte differentiation at the arterial pole. The differences that we observe after
fgf8 MO injection or SU5402 treatment can be explained by a difference in
timing when Fgf signaling is blocked by these different treatments (Marques
et al., 2008). In the case when Fgf8 signaling is inhibited by the MO injection,
Fgf8 signaling is inhibited already at very early stages during cardiomyocyte
specification, which provides an explanation for the reduction in the number
of eGFPposDsRedpos cells we observed. In the case of the SU5402 treatment,
we added the inhibitor only at the tube stage (24 hpf) and therefore this treat-
ment only affects later cardiomyocyte addition. Whether these two phases of
Fgf requirement during cardiomyocyte differentiation also exist in other ver-
tebrates has been difficult to address due to the early lethality of mouse mu-
tants with reduced Fgf signaling during gastrulation (Dono et al., 1998;
Feldman et al., 1995; Meyers et al., 1998). However, using different condi-
tional Fgf8 mutant alleles, Park et al showed that the early loss of Fgf8 affects
both ventricle and atrium formation while the late and specific deletion of Fgf8
in the anterior heart field specifically affects the OFT (Park et al., 2006).
Very suprisingly, cardiomyocyte differentiation in zebrafish at the arterial pole
does not require Isl1 (also discussed above). This demonstrates that not only
the temporal regulation of cardiomyocyte differentiation at both poles is dif-
ferent, but also the mechanism and signals involved in regulating cardiomy-
ocyte differentiation are different at each pole of the zebrafish heart.

Evolutionary adaptation

Our observation that cardiomyocyte differentiation at the arterial pole is tem-
porally separated from and regulated differently than the continuous wave of
differentiation in the rest of the heart tube may also help to explain the differ-
ent phenotypes (broad heart defects versus OFT defects) observed in several
mouse mutants. Mice deficient for Isl1 display broad cardiac defects affecting
the formation of ventricles as well as atria (Cai et al., 2003). We now suggest
that the role for Isl1, which is required to complete the continuous differenti-
ation process in zebrafish, has been expanded in amniotes to increase the rel-
ative size of the heart. Interestingly, during growth of the heart tube in
amniotes both the venous as well as the arterial pole remain connected to
the dorsal mesocardium, where Isl1 is expressed. In zebrafish however, the
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however, the Isl1 positive cells located laterally in the cardiac field are phys-
ically separated from the future ventricle cells that are located medially in
the cardiac field.

Taken together, our results demonstrate that two distinct phases of car-
diomyocyte differentiation contribute to the observed growth of the embryonic
heart. This is the first time that the temporal regulation of cardiomyocyte dif-
ferentiation has been visualized in any vertebrate organism. We believe that
this new concept of two separate phases of cardiomyocyte differentiation that
require different molecular mechanisms for their completion provides new in-
sight into how the vertebrate heart grows and could have expanded during
vertebrate evolution.
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Experimental Procedures

Zebrafish lines:
All transgenic strains were analyzed as heterozygotes in our studies, and all embryos were
grown at 28.5oC. To identify cardiomyocytes and for the developmental timing assay we used
the Tg(myl7:EGFP)twu26 (Huang et al., 2003) and Tg(-5.1myl7:nDsRed2)f2 (Mably et al.,
2003) lines. Founder fish with germline integration of Tg(cmlc2:kaede) were generated by Tol2
transposase-mediated transgenesis (Fisher et al., 2006) {Fisher, 2006 #41}and outcrossed in
order to produce embryos for photoconversion. The islet1 mutant K88X (isl1SA0029) was iso-
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lated from an ENU mutagenized library, using target selected mutagenesis as described be-
fore (Wienholds et al., 2002).

Cell counts and developmental timing assay:
To count cardiomyocytes at various stages we used the Tg(cmlc2:dsred2-nuc) line stained
using an α-DsRed antibody (Clontech). Images were acquired by confocal microscopy with a
Leica CLSM confocal microscope. 3-D reconstruction and cell counting were done using Voloc-
ity software (Improvision). Arterial and venous pole were morphologically determined and de-
fined as the region with eGFPposDsRedneg cells. Cell counts for the developmental timing assay
were performed using the fluorescent GFP and DsRed signals of the double transgenic
Tg(cmlc2:eGFP)/Tg(cmlc2:dsred2-nuc) lines and a nuclear counter stain with DAPI (see Sup-
plementary Materials and Methods for a detailed description of this procedure).

Photoconversion of Kaede
Photoconversion of Kaede fluorescence from green to red was achieved by exposing trans-
genic embryos to UV light on a Zeiss Axioplan microscope equipped with a DAPI filter set, as
previously described (Hatta et al., 2006). Confocal Z-stacks were obtained using a Zeiss LSM
510 laser-scanning microscope and analyzed with Zeiss LSM and Volocity (Improvision) soft-
ware.

Histological methods:
BrdU labeling was performed by soaking the embryos in embryo medium, containing 5 mg/ml
BrdU (Roche) for 24 h. α-BrdU (Roche) and α-phospho-His (Upstate) antibody labeling was
performed on 6 and 10 µm paraffin sections respectively and stained with DAB. Other anti-
bodies used in this study: α-DsRed (Clontech), α-eGFP (Chemokine) and α-Isl (Hybridoma
bank clone: 39.4D5). Immuno-fluorescence was performed according to (Smith et al., 2008).

SU5402 treatment:
Embryos were treated with either DMSO or SU5402 at a concentration of 12.5 µM in embryo
medium from 24 hpf until 48 hpf in glass vials in the dark at normal culture temperatures.

Morpholinos:
Antisense morpholinos targeting fgf8 (Draper et al., 2001) or isl1 (Hutchinson and Eisen, 2006)
were injected at the 1 cell stage. Uninjected- and control MO (Gene-Tools) injected embryos
from the same egg lay were used as controls for all experiments.
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Supplementary figures
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Supplementary Table I: Cardiomyocyte number of various stages 
Stage Cardiomyocytes* n

24 hpf 150.6 ± 11.5 5

36 hpf 213.2 ± 11.7 5

48 hpf 310.6 ±- 9.7 5
* As determined by !-DsRed antibody stainings in Tg(cmlc2:DsRed) embryos 

 

Supplementary Table II: Heartbeats per minute 

* p < 0.01 

 

Supplementary Table III: Cell count of GFPpos/DsRedpos and GFPpos/DsRedneg myocardial cells 

*significant difference with control p < 0.05, ** significant difference with control p < 0.01 
"Control for Isl1 MO experiment 
¶Control for sih MO experiment 
¥Control for fgf8 MO experiment 
#Control for SU5402 experiment 
 

Stage 24 hpf 48 hpf 72 hpf n
isl1K88X siblings 80 ± 1.3 135.5 ± 1.8 163 ± 4.4 5
isl1K88X mutants 80 ± 1.3 94.6 ± 3.2* 57.5 ± 2.9* 10

Treatment GFPpos/DsRedpos GFPpos/DsRedneg Total n

arterial pole venous pole

isl1K88X siblings 199.7 ± 6.2 28.4 ± 1.5 24.9 ± 3.1 253 ± 9.2 7

isl1K88X mutants 203.3 ± 7.1 32 ± 2.1 10.1 ± 2.6 ** 245.4 ± 7.2 7

uninj. control" 249.8 ± 12.6 23.5 ± 3.3 26.5 ± 1.8 299.8 ± 9.1 4

isl1 MO 214 ± 13.4 * 20.2 ± 2.2 8.2 ± 2.2 ** 242.4 ±14.0** 5

control MO¶ 170 ± 4.6 16.3 ± 2.0 22 ± 2.0 208.3 ± 6.6 4

sih MO 173 ± 7.0 17.7 ± 5.8 26.3 ± 2.8 217 ± 15.6 3

uninj. control¥ 243.7 ± 26.5 28.7 ± 1.3 32.3 ± 4.1 304.7 ± 22.6 3

fgf8 MO 153 ± 5.5 * 16.8 ± 3.8 * 25.8 ± 2.3 195.5 ± 5.9* 4

DMSO# 247 ± 9.1 29.7 ± 4.3 29.7 ± 0.7 306.3 ± 5.0 3

SU5402 246.4 ± 10.8 6.2 ± 2.0 ** 31 ± 2.6 283.6 ± 13.4 5
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Supplementary figure 2. Double labeling
of BrdU and Cmlc2.
(A, A’ and B, B’) Representative sections of
BrdU soaked embryos from 24 hpf until 48
hpf stained for cmlc2 in blue and BrdU in
brown. These sections show that in the tis-
sue expressing the cardiac marker cmlc2
very few cells are positive for BrdU (indica-
ted by the black arrow). The tissue lining
the myocardium (the endocardium) is ne-
gative for cmlc2 and is highly proliferative
indicated by red arrow heads. Quantitation
of the number of BrdU positive cells within
the cmlc2 positive area resulted in a similar
number found previously described in the
results section and was 16 ± 2 (mean ±
sem n=5).

Supplementary figure 1. BrdU pulse labeling of cardiac cells.
Saggital sections of a single embryo after pulse labeling with BrdU from 24-48 hpf. The sec-
tions were immunohistochemically stained with an a-BrdU antibody (brown) and counter
stained with Haematoxillin-Eosin (blue). Arrows point to BrdU positive myocardial cells. Note
the high degree of labeling within the embryonic blood cells and endocardial cells. Anterior
to the left and dorsal to the top.
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Supplementary figure 3. eGFP and DsRed protein expressions overlap at 24 hpf and
48 hpf
(A-F) Reconstruction of confocal Z-stacks of Tg(cmlc2:eGFP)/Tg(cmlc2:DsRed) embryos at
24 hpf and 48 hpf. Hearts stained immunohistochemically with α-eGFP and α-DsRed anti-
bodies. A and D represent the α-eGFP signal in grey, B and E represent the α-DsRed sig-
nal in grey and C and F represent the overlay. At 24 hpf and at 48 hpf, both eGFP and
DsRed protein expressions are overlapping throughout the heart with the exception of a
few cells.
(G-J) Graphical representation of the number of cells in Tg(cmlc2:eGFP)/Tg(cmlc2:DsRed)
hearts that are eGFPposDsRedpos (G,I) or eGFPposDsRedneg (H,J) mean ± SEM n=5.
The eGFPposDsRedneg cardiomyocytes are subdivided in eGFPposDsRedneg cells pre-
sent at the arterial pole or at the venous pole (24hpf 3 ± 1 and 6 ± 2, 48 hpf 6 ± 1 and 2 ±
1 respectively). Note that almost all cardiomyocytes are eGFPposDsRedpos (24 hpf 151 ±
12, 48 hpf 311 ± 10).
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Supplementary figure 4. The number of cmlc2-expressing cells increases gradu-
ally over time.
(A-D) In situ hybridization for cmlc2 in wild-type embryos; dorsal views, anterior to the
top. (A) At the 14-somite stage, only a few cells have initiated cmlc2 expression. (B) By
the 16-somite stage, more cmlc2-expressing cells are detectable. These cells appear to
be located near the medial edge of the lateral plate mesoderm, which is migrating toward
the embryonic midline. (C) More cmlc2-expressing cells are evident by the 18-somite
stage. As the bilateral cardiomyocyte populations prepare to fuse, cmlc2 expression ap-
pears to be spreading laterally within the lateral plate mesoderm. (D) Continued inc-
rease in the lateral expansion of cmlc2-expressing cells is apparent at the 20-somite
stage, as cardiac fusion begins. The medial-to-lateral spread of cmlc2 expression within
the lateral plate mesoderm suggests that cmlc2 expression in ventricular cells precedes
cmlc2 expression in atrial cells, since ventricular precursors are located in the medial
portion of the lateral plate mesoderm and atrial precursors are located more laterally
(Berdougo et al., 2003; Glickman and Yelon, 2002; Schoenebeck et al., 2007)

Berdougo, E., Coleman, H., Lee, D. H., Stainier, D. Y. and Yelon, D. (2003). Mutation
of weak atrium/atrial myosin heavy chain disrupts atrial function and influences ventricu-
lar morphogenesis in zebrafish. Development 130, 6121-6129.

Glickman, N. S. and Yelon, D. (2002). Cardiac development in zebrafish; coordina-
tion of form and function. Semin. Cell Dev. Biol. 13, 507-513.
Schoenebeck, J. J., Keegan, B. R. and Yelon, D. (2007). Vessel and blood specification
override cardiac potential in anterior mesoderm. Dev Cell 13, 254-67.
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Supplementary figure 5. Pho-
toconversion of Kaede effi-
ciently marks differentiated
cardiomyocytes.
(A-I) Lateral views of
Tg(cmlc2:kaede) embryos, ven-
tricle to the left, demonstrating
effectiveness of photoconversion
technique.
(A-C) Prior to photoconversion,
the 32 hpf heart exhibits green
Kaede fluorescence (A) but not
red Kaede fluorescence (B), re-
sulting in an entirely green heart
(C).
(D-F) Immediately after exposure
to UV light, all of the green
Kaede (D) has been converted
into red Kaede (E), resulting in
an entirely red heart (F).
(G-I) Sixteen hours after photo-

Supplementary figure 6. Sche-
matic overview of tissue orga-
nization at the 23 somite stage.
Schematic representation of the
tissue organization seen in a
transverse section through the
cardiac disk at the 23 somite
stage. The top structure is the
neural tube around the anterior-
posterior level of the mid-hind-

conversion, red Kaede (H) persists in the cells that were expressing the transgene. These
cells also generate new green Kaede (G), as do newly differentiating cells that initiated
transgene expression after 32 hpf. As a result, cardiomyocytes at the arterial pole fluoresce
green, but not red, at 48 hpf (arrow in H). V, ventricle; A, atrium.

brain boundary and the bottom structure is the yolk. The blue circles located directly ven-
tral to the neural tube represent the endoderm. The green circles represent endothelial cells
and the orange and yellow circles represent cardiomyocytes. Orange indicates the future
ventricle, marked at this stage by vmhc expression and the yellow indicates the future
atrium, marked at this stage by amhc expression.
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Supplementary figure 7.
isl1K88X mutant embryos
are deficient for Isl protein.
(A-D) Live images of 48 hpf
isl1K88X sibling and mutant
embryos showing no appa-
rent morphological pheno-
type.
(E-J) Single Z-scans of confo-
cal images of 23 somite stage
isl1K88X Tg(cmlc2:eGFP)
embryos after immunofluores-
cent staining with α-eGFP (E,
H) and α-Isl (F, I) antibodies.
(E-G) isl1K88X sibling em-
bryo and (H-J) isl1K88X mu-
tant embryo. Arrowheads in
the overlay of α-eGFP (green)
with α-Isl (red) indicate the

eGFPposIslpos cells in the cardiac disk and trigeminal sensory ganglia. In the control (E-
G) Isl is expressed in cardiac cells located at lateral positions in the cardiac disk (white ar-
rowhead) and in the trigeminal sensory ganglion (green arrowhead) described in Figure
3A-C. Note that the nuclear Isl signal in the cardiac disk in H-J is absent. The scale bars in-
dicate 80 µm.
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Supplementary figure 8.
isl1 morpholinos reduce
Isl1 protein and phenocopy
the isl1 mutant in the devel-
opmental timing assay.
(A-B) Live images of a repre-
sentative control embryo and
an embryo that was injected
with the isl1 MO. isl1 mor-
phants present with a cardiac
edema and loss of motility.
(C-K) Single Z-scans of con-
focal images of 23 somite
stage Tg(cmlc2:eGFP) em-
bryos after immunofluores-
cent staining with α-eGFP (C,
F, I) and α-Isl (D, G, J) antibo-
dies. (C-E) control injected
embryo and (F-H) and (I-K)
are two examples of isl1 mor-
phants. Arrowheads in the
overlay of α-eGFP (green)
with α-Isl (red) indicate the
eGFPposIslpos cells in the
cardiac disk. In the control (C-
E) Isl is expressed in cardiac
cells located at lateral positi-
ons in the cardiac disk (white
arrowhead) and in the trige-
minal sensory ganglion

(green arrowhead) described in Figure 3A-C. Note that the nuclear Isl signal in the cardiac
disk in both F-H and I-K are absent, however little signal is still present in the trigeminal
sensory ganglion in F-H. The scale bars indicate 80 µm.
(L-M) Graphical representations of the number of eGFPposDsRedpos (L) and eGFPposDs-
Redneg (M) cardiomyocytes/embryo. (M) The eGFPposDsRedneg cardiomyocytes are sub-
divided in eGFPposDsRedneg cells present at the arterial pole or venous pole. Note the
significant reduction of eGFPposDsRedneg cells at the venous pole in the isl1 morphant em-
bryos. Bars represent mean ± SEM. *, p < 0.05; **, p < 0.01.
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Supplementary figure 9. Car-
diac dysfunction has no effect
on the addition of cardiomyo-
cytes to both poles of the heart.
(A and B). Graphical representa-
tion of the number of eGFPpos
DsRedpos (A) and eGFPposDs-
Redneg (B) cardiomyocytes/em-
bryo for control MO injected
embryos (blue bar n=4) and silent
heart (sih/tnnt2) MO injected em-

Supplementary figure 10. fgf8 MO
injection results in reduced Fgf
signaling.
(A, A’ and B, B’) Live images of con-
trol embryos (A,A’) or fgf8 MO injec-
ted embryos. As previously shown
by Draper et al., the fgf8 MO used
generates a range of phenotypic
classes. In our experiments, injec-
ted embryos exhibited phenotypes
similar to those described as class 1-
3 phenotypes, most typically class 2
phenotype [12]. fgf8 MO injected
embryos were selected for the ab-

sence of the mid- hindbrain boundary indicated by the black arrowhead. Approximately 40%
of the injected embryos presented this phenotype and only those were imaged in the de-
velopmental timing assay.

bryos (red bar n=3). (B) The eGFPposDsRedneg cardiomyocytes are subdivided in
eGFPposDsRedneg cells present at the arterial pole or at the venous pole. Bars represent
mean ± SEM. No significant differences in the number of cells quantified in control MO and
sih MO injected embryos were observed.

Pater proefschrift hfd 3:Layout 1  09-04-2010  16:12  Pagina 69



Pater proefschrift hfd 3:Layout 1  09-04-2010  16:12  Pagina 70



71

Chapter 4

Biphasic role for Bmp signaling in
cardiomyocyte specification and

differentiation

Emma de Pater1, Metamia Ciampricotti1, Kelly Smith1 and
Jeroen Bakkers1,2#

1 Hubrecht Institute & University Medical Centre Utrecht, 3584 CT, Utrecht, The Netherlands.
2 Interuniversity Cardiology Institute of the Netherlands, 3511 GC, Utrecht, The Netherlands

Pater proefschrift hfd 4:Layout 1  09-04-2010  16:09  Pagina 71



Pater proefschrift hfd 4:Layout 1  09-04-2010  16:09  Pagina 72



Abstract

The size and complexity of the vertebrate heart has evolved from a simple 2-
chambered heart in fish to a 4-chambered heart in amniotes. An under-
standing of the mechanisms that regulate specification and differentiation of
cardiomyocytes that form the 2-chambered zebrafish heart will allow a better
understanding of how this process has been expanded in higher vertebrates.
In addition, the use of progenitor cells that can be expanded and differentiated
to cardiomyocytes in culture requires a good understanding of the signals that
regulate cardiomyocyte specification and differentiation in the embryo proper.
Bmp signaling has been implicated in regulating cardiomyocyte differentia-
tion in vitro and in vivo. In vivo studies have been hampered by the early
lethality of most of the Bmp signaling mutants. Here we show in zebrafish
using a previously described lost-a-fin/alk8 mutant and a novel alk3a/alk3b
double mutant that Bmp signaling is essential for cardiomyocyte specification
and that this role for Bmp signaling is independent from its role in dorso-ven-
tral patterning. Using temporal controlled rescue and induced antagonist ex-
pression, we found that Bmp signaling is continuously required up to late
segmentation stages to induce cardiomyocyte specification. Although ectopic
Bmp signaling induces the expression of cardiac specification markers, this
leads to fewer cardiomyocytes. Together with our observation that in differ-
entiating cardiomyocytes Bmp signaling is turned off, this suggests that dur-
ing cardiomyocyte differentiation Bmp signaling needs to be repressed. Taken
together, we can conclude that specification of cardiomyocytes in the meso-
derm is a continuous process that requires Bmp signaling over a prolonged
period, while the subsequent differentiation of cardiomyocytes likely requires
a reduction or an absence of Bmp signaling. The continuous specification
process that is regulated by Bmp signals provides a mechanism for control-
ling the size of the zebrafish heart.

Introduction

In zebrafish, cardiac progenitor cells are located in the lateral marginal domain
at both sides of the organizer of blastula stage embryos (Stainier et al., 1993)
(Keegan et al., 2004). Labeling of single blastomeres in the lateral marginal
domain revealed that I) cardiac progenitor cells are mixed with progenitor
cells that give rise to other mesodermal and also endodermal tissues and II)
single cells give rise to both cardiac and non-cardiac tissue indicating that
these cells are not yet determined to differentiate into cardiomyocytes but that
their fate is the result of (extracellular) signals that they receive during devel-
opment.
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During gastrulation, the bilateral pools of cardiac progenitor cells migrate dor-
sal and anterior to form part of the anterior lateral plate mesoderm (ALPM).
In the ALPM, several transcription factors (nkx2.5, gata5 and hand2) are ex-
pressed that induce cardiogenesis. The first progenitor cells that are deter-
mined to become cardiomyocyte in the ALPM can be identified at the
14-somite stage by expression of the cardiac differentiation marker cardiac
myosin light chain2 (cmlc2) (Yelon et al., 1999). Around the 20-somite stage,
these two bilateral pools of cardiomyocytes have fused at the midline to form
a cardiac disk (reviewed in (Stainier, 2001) (Glickman and Yelon, 2002). This
cardiac disk rotates and extends in an anterior and leftward direction to form
a heart tube (Smith et al., 2008). We recently described that although differ-
entiating cardiomyocytes (expressing cmlc2) are present at the 14-somite
stage, the differentiation process continues resulting in a continuous growth
of the myocardial tissue (de Pater et al., 2009). It was observed that car-
diomyocyte differentiation is initiated in the ventricle and progresses through
the atrium. As a result, the cardiac tube is continuously growing at the venous
pole by differentiation of new cardiomyocytes. The mechanism by which this
continuous differentiation is regulated is currently unknown. The transcription
factor Isl1 is present in the differentiating cardiomyocytes, but embryos lack-
ing Isl1 only have a small reduction in the number of cardiomyocytes at the
venous pole, suggesting the presence of other factors.
Bmp ligands have been implicated in regulating cardiomyocyte specification
and differentiation in invertebrates as well as vertebrates and therefore could
be a good candidate to regulate the continuous cardiomyocyte differentiation
process. In Drosophila, the Bmp homologue decapentaplegic (dpp) is re-
quired for cardiac tinman expression in the mesoderm and ectopic dpp can
induce tinman expression in more ventral regions (Frasch, 1995). Also in ver-
tebrates, Bmp signaling is crucial for the induction of cardiac mesoderm. The
zebrafish swirl/bmp2b mutant lacks all Bmp signaling resulting in the com-
plete dorsalization of the mesoderm and subsequent failure to specify ventral
and lateral mesoderm including cardiac mesoderm shown by the complete
loss of the cardiac specification marker nkx2.5 (Kishimoto et al., 1997). Ex-
pression of nkx2.5 in the cardiac precursors of swirl/bmp2b mutant embryos
can be restored upon injection of gata5, indicating that Bmp2b functions
through Gata5 to regulate nkx2.5 expression (Reiter et al., 2001). Zebrafish
embryos lacking zygotic expression of the Bmp receptor alk8 display abnor-
mal heart morphogenesis in combination with a small atrium albeit with nor-
mal nkx2.5 expression at the 15-somite stage (Chocron et al., 2007) (Marques
and Yelon, 2009). The role of Bmp in vertebrate heart development is further
emphasized by analysis of mouse mutants lacking functional Bmp2. A small
fraction of mouse embryos deficient for Bmp2 lack nkx2.5 expression (Zhang
and Bradley, 1996). In the remainder of the bmp2 deficient embryos, the heart
forms abnormally in the exocoelomic cavity rather than in the amniotic cav-
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ity. In chick embryos, Bmp is sufficient to induce the expression of cardiac
markers such as nkx2.5. Beads coated with Bmp protein and implanted in
the ALPM can induce ectopic nkx2.5 as well as gata4,-5, and-6 expression
(Schultheiss et al., 1997) (Schlange et al., 2000). In zebrafish, the cardiac
precursor cells are located in the marginal region of the blastoderm and cell
tracing experiments revealed that atrial and ventricle precursor cells are al-
ready separated at that stage (Keegan et al., 2004; Stainier et al., 1993). A
very recent study demonstrated that during gastrulation Bmp signaling can
have different effect on these two populations of precursor cells since reduc-
ing Bmp signaling has a more pronounced effect on differentiation of atrial
cardiomyocytes compared with the differentiation of ventricular cardiomy-
ocytes (Marques and Yelon, 2009).
Bmp proteins are synthesized as large pre-proteins, which are cleaved to re-
lease the dimeric C-terminal mature and active region (reviewed in
(Nakayama et al., 2000). Bmp2 and Bmp4 are closely related and they can
bind to their Bmp type 1 receptors (alk2/8, alk3a and alk3b and alk6) as homo-
or heterodimers (Bauer et al., 2001; Little and Mullins, 2009; Mintzer et al.,
2001). Upon interaction of the Type 1 receptor with the Bmp Type 2 receptor,
Smad protein will be phosphorylated. In case of Bmp signaling there are 3 re-
ceptor-Smad proteins (Smad1,-5, and -8) that can be phosphorylated and in-
teract with the co-Smad (Smad4). The phosphorylated Smad protein complex
translocates to the nucleus where it regulates gene expression. Secreted an-
tagonists such as Noggin can block the interaction between Bmp ligand and
the receptor and thereby prevent Bmp signaling.
Bmp2 and -4 are expressed in the gastrula embryo in a ventral to dorsal gra-
dient and are required to pattern the mesoderm. Although Both bmp2b and
bmp4 are re-expressed after gastrulation in the endoderm (bmp2b), the car-
diac mesoderm (bmp4) and the ectoderm (bmp2b) (Martinez-Barbera et al.,
1997), thus far the functional analysis of Bmp signaling and cardiac specifi-
cation has been attributed to their function during gastrulation. In this study,
we have addressed the potential role of Bmp signaling in cardiogenesis dur-
ing segmentation stages in order to establish whether Bmp signaling could
regulate the continuous cardiomyocyte differentiation process in the ALPM.
By analysis of a novel double mutant lacking Alk3 receptor activity, we con-
clude that Bmp activity is required for cardiac specification and differentiation
independent from its role in mesoderm patterning. Using temporal rescue of
the laf/alk8 mutant and blocking Bmp signaling using heat-shock inducible
noggin expression we observed that cardiac specification and differentiation
requires Bmp signaling up to mid- to late segmentation stages. We analyzed
marker gene expression for cardiac specification (hand2) and differentiation
(cmlc2) and quantified the number of cardiomyocytes in the looped heart of
rescued laf/alk8 mutants and embryos in which Bmp signaling was blocked
after gastrulation. We observed that blocking Bmp signaling at the mid-seg-
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mentation stage typically affects the differentiation of atrial cardiomyocytes
whilst ventricle cardiomyocyte differentiation was unaffected. Furthermore,
we observed that nuclear phosphorylated Smad1,5,8 protein is present in the
undifferentiated ALPM cells and hardly in the differentiating cardiomyocytes.
Finally, we have found that the specification marker hand2 is ectopically ex-
panded when we overexpressed bmp2b during somitogenesis. However, the
number of differentiated cardiomyocytes at 48 hpf is reduced in these em-
bryos, suggesting a mechanism in which Bmp signaling is inducing the con-
tinuous specification and subsequent differentiation of cardiomyocytes in the
ALPM and is no longer required for further differentiation of these cardiomy-
ocytes.

Results

Bmp signaling is required for cardiomyocyte differentiation independent of
mesoderm specification

Although cardiomyocyte differentiation does occur in the zebrafish lost-a-
fin/alk8 mutant embryos, we have previously observed that laf/alk8 mutant
embryos have a smaller atrium compared with their wt siblings at 48 hpf
(Chocron et al., 2007). To address whether this reduction in size is due to dif-
ferences in cell number, we quantified the number of cardiomyocytes present
in the ventricle and atrium of laf/alk8 mutant and sibling embryos by ex-
pressing a nuclear DsRed protein in all cardiomyocytes using the
Tg(cmlc2:DsRed-nuc). We stained the embryos with an anti-DsRed antibody
in combination with the s46 antibody specifically labeling atrial cardiomy-
ocytes (Figure 1D and E). Quantification of the number of cardiomyocytes in
both the ventricle and atrium revealed that while the number of cardiomy-
ocytes in the ventricle was comparable between siblings and mutants, the
atrium of laf/alk8 mutants contained fewer cardiomyocytes compared with wt
siblings (Figure 1G). These results are in agreement with a recent study from
Marques & Yelon (Marques and Yelon, 2009). In this study from Marques and
Yelon, treatment with the Bmp inhibitor Dorsomorphin during gastrulation also
resulted in a reduction in atrial cardiomyocyte numbers demonstrating that
atrial precursor cells are more sensitive to reduced Bmp signaling compared
with ventricle cells during gastrulation. The zygotic laf/alk8 (Zlaf) mutant phe-
notype is variable in strength (C1-C3), which depends on the age of the
parental fish, but is never as strong as the reported phenotype of the
swirl/bmp2b mutant embryos (C5). The weaker dorsalized phenotype of the
Zlaf mutant embryos is due to the presence of maternal alk8 mRNA in the
oocyte, which allows Bmp signaling during the early stages of embryo devel-
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opment (Mintzer et al., 2001). To investigate when zygotic alk8 mRNA is re-
quired to allow atrial cardiomyocytes to form correctly, we tested the tempo-
ral requirement of alk8 expression to rescue the reduction of atrial cell number
observed in the Zlaf/alk8 mutant embryos by re-expressing a functional alk8
gene during and after gastrulation. For this purpose we used a previously de-
scribed heat-shock inducible transgenic line driving alk8 expression
(Tg(hsp70:alk8) (Shin et al., 2007). alk8 expression was induced in laf/alk8
mutant embryos at the mid-gastrula (shield) or mid-segmentation (14-somite)
stages. Whilst re-expressing alk8 during gastrulation completely rescued the
laf/alk8 phenotypes (Shin et al., 2007) and data not shown) re-expressing
alk8 at 16 hpf in laf/alk8 mutant embryos no longer rescued the loss of the
ventral tailfin, a characteristic of a mild dorso-ventral patterning defect (Fig-
ure 1A-C). In contrast to the embryos heat-shocked during gastrulation, the
number of cardiomyocytes in the atrium of the laf/alk8 mutant/Tg(hsp70:alk8)
embryos heat-shocked at the 14-somite stage was restored to wild type num-
bers (Figure 1D-G). From these results, we can conclude that the reduced
number of atrial cells in the laf/alk8 mutant embryos is not a simple conse-
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Figure 1. Re-expression of
alk8 rescues the cardiac
phenotype of laf/alk8 until 16
hpf.
(A-C) Live images of tails of (A)
laf/alk8+/-, (B) laf/alk8-/- and (C)
laf/alk8-/- Tg(hsp70:alk8) em-
bryos, heat-shocked at 16 hpf.
The laf tail phenotype could
not be rescued at 16 hpf and
laf/alk8-/- Tg(hsp70:alk8) em-
bryos look like mutant em-
bryos.
(D-F) Reconstruction of confo-
cal z-stacks of Tg(cmlc2:Ds
Red2-Nuc) stained for DsRed
in red and s46 in green of
hearts of laf/alk8+/-, laf/alk8-/-

and laf/alk8-/- Tg(hsp70:alk8)
embryos respectively. Note
that although the atrium is res-

cued to its full size in laf/alk8-/- Tg(hsp70:alk8), the heart is not properly jogged and looped.
Scale bar represents 50 µm.
(G) Graphical representation of the number of ventricular and atrial cells in laf/alk8+/-, laf/alk8-
/- and laf/alk8-/- Tg(hsp70:alk8) embryos heat-shocked at 16 hpf. The number of ventricular
cardiomyocytes is not altered between the different groups. The laf/alk8-/- embryos have
fewer atrial cells. This reduction is rescued with the re-expression of alk8 at 16 hpf. Bars rep-
resent mean ± SEM. **, p < 0.01.
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quence of a patterning defect of the mesoderm during gastrulation but is the
result of reduced Alk8 signaling during mid-segmentation stages.

Inhibiting Bmp signaling at post-gastrula stages impairs cardiomyocyte
differentiation

To address more directly that Bmp signaling is still required at post-gastrula
stages to allow the correct number of cardiomyocytes to differentiate, we
blocked Bmp signaling at different post-gastrula stages using a previously
described heat-shock inducible noggin3 transgenic line (Chocron et al., 2007).
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Figure 2. Overexpression of Noggin3 reduces the number of cardiomyocytes of the
48 hpf zebrafish heart.
Reconstruction of confocal z-stacks of a heart of a representative WT sibling (A, D, G) and
Tg(hsp70:Noggin3) (B, E, H) embryo, heat-shocked at 10 hpf, 16 hpf and 24 hpf respec-
tively. Both groups express Tg(cmlc2:DsRed2-Nuc) and are stained for DsRed in red and
s46 in green. Scale bar represents 50 µm.
(C, F, I) graphical representation of the number of ventricular and atrial cardiomyocytes of
WT siblings and Tg(hsp70:Noggin3) embryos heat-shocked at (C) 10 hpf hpf, (F) 16 hpf and
(I) 24 hpf. Overexpression of Noggin3 at 10 hpf results in hearts that have a reduced num-
ber of both ventricular and atrial cardiomyocytes. Bars represent mean ± SEM. **, p < 0.01.
(A-C) The heart of a Tg(hsp70:Noggin3) embryo, heat-shocked at 10 hpf is smaller and
both chambers are reduced in size. The heart is not jogged or looped.
(D-F) Overexpression of Noggin3 at 16 hpf results in hearts with a reduced number of atrial
cardiomyocytes only.
(G-I) Overexpression of Noggin3 at 24 hpf does not result in a difference in the number of
cardiomyocytes.
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The Tg(hsp70:noggin3) carriers were crossed with Tg(cmlc2:DsRed-nuc) car-
riers and the embryos derived from this cross were heat-shocked at various
stages and fixed at 48 hpf to quantify the number of cardiomyocytes in the
ventricle and atrium (Figure 2A-I). After an early block in Bmp signaling from
10 hpf (bud stage), both cardiac chambers were observed to contain fewer
cardiomyocytes (WT siblings; 122.7 ± 4 ventricular and 84.4 ± 6 atrial cells
versus Tg(hsp70:Noggin3); 84.1 ± 11 ventricular and 24.8 ± 6 atrial, n=11, p
< 0.01) (Figure 2A-C). Tg(hsp70:Noggin3)/ Tg(cmlc2:DsRed-nuc) embryos
heat-shocked at 16 hpf (14 somite stage) and fixed at 48 hpf contained a
comparable number of ventricular cells between WT siblings and
Tg(hsp70:Noggin3) (111.8 ± 4 versus 105.5 ± 6 cardiomyocytes, respectively).
However, the number of atrial cells was significantly reduced in the
Tg(hsp70:Noggin3) embryos heat-shocked at 16 hpf (WT siblings; 97.6 ± 5
versus Tg(hsp70:Noggin3); 78.8 ± 2 atrial cells, n=11, p < 0.01) (Figure 2D-
F). Tg(hsp70:Noggin3)/ Tg(cmlc2:DsRed-nuc) embryos heat-shocked at 24
hpf and fixed at 48 hpf contained a comparable number of both ventricular
and atrial cardiomyocytes between WT siblings and Tg(hsp70:Noggin3)
(109.1 ± 3 versus 107.8 ± 9 ventricular cardiomyocytes, respectively) (82.5
± 4 versus 73.6 ± 3 atrial cardiomyocytes respectively) (Figure 2G-I).
These data demonstrate that during segmentation there is a continuous re-
quirement for Bmp signaling to induce cardiomyocyte differentiation in the
ALPM. Ventricular cells require Bmp signaling at early segmentation stages
(bud stage) whilst atrial cells require Bmp signals until late segmentation
stages (15 somites) corresponding to the delayed differentiation of atrial my-
ocytes versus ventricular myocytes.

laf/alk8 is dispensable for cell proliferation in the ALPM

Mouse embryos deficient for Smad1 display reduced cell proliferation in the
second heart field located splanchnic mesoderm and enhanced cardiomy-
ocyte differentiation resulting in reduced cardiomyocyte numbers (Prall et al.,
2007). To test whether the reduced number of cardiomyocytes in the atrium
of laf/alk8 mutants could also be explained by reduced cell proliferation in the
ALPM we analyzed cell proliferation by counting the number of cells in mito-
sis using an antibody recognizing phosphorylated histones (p-His) in the
ALPM (Figure 3A-C). Using this method however, we observed no difference
between laf/alk8 mutant and their wt sibling embryos in the number of mitotic
cells in the ALPM. From these results, we conclude that in zebrafish during
mid-segmentation stages, Bmp signaling via the laf/alk8 receptor is not re-
quired to maintain cell proliferation in the ALPM.
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Alk3 is required for cardiomyocyte specification

Bmp ligands can signal through a receptor complex containing heterodimeric
alk2/alk3 Type I receptors (Little and Mullins, 2009). Due to ancestral genome
duplication in the teleost fish lineage, zebrafish has two copies of the alk3
gene (alk3a and alk3b) (Little and Mullins, 2009). By a combination of for-
ward and reverse genetics, we identified mutant alleles for both alk3a and
alk3b. Both the alk3a and alk3b alleles cause a loss of function for receptor
activity (manuscript in preparation). Double mutant embryos were generated
from an incross of double (alk3a/alk3b) mutant carriers. Embryos homozy-
gous for both the alk3a and alk3b mutations were viable to at least 48 hours
post fertilization allowing the analysis of cardiomyocyte differentiation in these
mutant embryos. Double mutant embryos displayed a moderately to strong
C4 dorsalized phenotype (data not shown), similar to what has been de-
scribed for the snailhouse/bmp7 mutant. Interestingly, although snail-
house/bmp7 mutant embryos form a beating heart structure (Chen et al.,
1996)(Lele et al., 2001), we observed that alk3a/alk3b double mutant em-
bryos fail to form a beating heart at 28 hpf. In situ analysis for cmlc2 expres-
sion to identify differentiated cardiomyocytes revealed an absence of staining,
indicating a lack of differentiated cardiomyocytes in alk3a/alk3b double mu-
tant embryos (Figure 4A-D). To address whether cardiac progenitor cells are
properly specified in the ALPM we analyzed the expression of nkx2.5 and
hand2 in alk3a/alk3b double mutant embryos (Figure 4E-H). Interestingly,
both nkx2.5 and hand2 expression was completely absent in the alk3a/alk3b
mutant embryos. In contrast, expression of tbx1 in the ALPM was unaffected
in alk3a/alk3b double mutant embryos (Figure 4I-J). Together these results
demonstrate that signaling via the Alk3 receptor is specifically required for
the specification of all cardiac progenitor cells in the ALPM and suggests that
this function is independent from the role of Alk3 in dorso-ventral patterning.
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Figure 3. Proliferation is not altered between
laf/alk8+/- and laf/alk8-/-.
(A-B) Single confocal scan from (A) a laf/alk8+/-

and (B) laf/alk8-/- embryo stained with phosphory-
lated Histone (pHis) in red. The eyes, neural tube
and otic vesicles are highlighted with a dotted line.
(C) Graphical representation of the number of
pHis positive cells in the anterior lateral plate
mesoderm (ALPM) between the eyes and the otic
vesicles at 15 and 20 somites. There is no signifi-
cant difference between WT siblings and the
laf/alk8 mutants for the number of pHis positive
cells in the ALPM. Bars represent mean ± SEM.
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Bmp signaling is required continuously in the ALPM for cardiac progenitor
cell specification

In our previous work, we demonstrated that cardiomyocytes that form the fu-
ture ventricle differentiate prior to the cardiomyocytes that will form the future
atrium. To address whether not only cardiomyocyte differentiation but also
cardiac progenitor cell specification continuously requires Bmp signaling we
used the previously described transgenic line Tg(hsp70:noggin3) to block all
Bmp signaling after a 30 minute heat-shock given to the embryos (Chocron
et al., 2007). Tg(hsp70:noggin3) embryos were heat-shocked at 10 hpf (bud
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Figure 4. Loss of alk3 results in the absence
of specified and differentiated cardiomy-
ocytes.
(A-D) In situ hybridization for cmlc2 for alk3a+/-

/alk3b+/+, alk3a-/-/alk3b+/+, alk3a+/+/alk3b-/- and
alk3a-/-/alk3b-/- at 28 hpf. Double mutant
alk3a/alk3b embryos stain negative for cmlc2.
(E-J) In situ hybridization for (E-F) nkx2.5, (G-
H) hand2 and (I-J) tbx1 at 15 somites stage on
alk3a+/-/alk3b+/+ and alk3a-/-/alk3b-/- embryos.
Double mutant embryos have no expression of
the cardiac specification markers nkx2.5 and
hand2, but have expression of the LPM marker
tbx1.
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stage) and hand2 expression was analyzed at 18 hpf (Figure 5A-B). Con-
firming our previous results, hand2 expression was reduced at 18 hpf in
Tg(hsp70:noggin3) embryos compared to their wt siblings. When Bmp sig-
naling was blocked at later stage (14 hpf), the size of the hand2 expression
domain in the ALPM was still reduced compared to the same domain in wt sib-
lings (Figure 5C-D).

Overexpression of Bmp2b results in ectopic hand2 expression however in
fewer cardiomyocytes

To address whether ectopic Bmp signaling would be sufficient to induce
hand2 expression we overexpressed Bmp2b using a Tg(hsp70:Bmp2b). The
Tg(hsp70:Bmp2b) embryos were heat-shocked during somitogenesis at 16
hpf (14 somites stage) and subsequently analyzed at 18 somites stage for
hand2 expression. We found that hand2 expression was ectopically ex-
pressed as a result of Bmp2b overexpression. We observed a strong induc-
tion and expansion of the hand2 expression domain in the LPM. No hand2
expression outside the LPM was observed (Figure 6A-D).
To determine whether the effect on the specification marker hand2 by an over-
expression of Bmp2b also resulted in more cardiomyocytes, we overex-
pressed Bmp2b by heat-shocking embryos at different stages from an incross
of Tg(hsp70:bmp2b) and Tg(cmlc2:DsRed-nuc). Tg(hsp70:bmp2b) embryos
heat-shocked at gastrulation stages were too severely ventralized to deter-
mine cardiac differentiation (data not shown). When we heat-shocked these
embryos at 14 somites stage we observed fewer cardiomyocytes in the heat-
shocked Tg(hsp70:Bmp2b) embryos although this difference was not signifi-
cant (data not shown). When we heat-shocked these embryos at 18 somites
stage and analyzed the number of cardiomyocytes at 48 hpf we found that the
hearts of the Tg(hsp70:Bmp2b) embryos contained significantly less car-
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Figure 5. Overexpression of Noggin3 re-
duces the number of specified cardiomy-
ocytes.
(A-D) In situ hybridization for hand2 on control
and Tg(hsp70:Noggin3) embryos, (A-B) heat-
shocked at 10 hpf and fixed at 18 hpf or (C-D)
heat-shocked at 14 hpf and fixed at 19 hpf.
Hand2 expression is reduced after heat-shock in
Tg(hsp70:Noggin3) embryos compared to
hand2 expression in control embryos.
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diomyocytes than the hearts of their WT siblings (241.6 ± 15 versus 283.6 ±
17 cardiomyocytes respectively, p < 0.05) (Figure 6E). Taken together we
concluded that although ectopic Bmp signaling can induce hand2 expression
rapidly in the LPM, this does not result in an increase of the number of car-
diomyocytes but rather a reduction.

Bmp signaling is activated in the undifferentiated ALPM and not in
differentiating cardiomyocytes

To address which cells are responsive to the Bmp signaling during the car-
diomyocyte differentiation, we used an antibody recognizing phosphorylated
Smad1, Smad5 or Smad8 protein (phospho-Smad1,5,8) (Figure 7). At the 12
and 15 somite stage (at the onset of cardiomyocytes differentiation), nuclear
phospho-Smad1,5,8 protein was detected in the ALPM. The most intense
phospho-Smad1,5,8 signal was observed in cells in the undifferentiated ALPM
with very few differentiated cardiomyocytes containing phospho-Smad1,5,8
protein. The few phospho-Smad1,5,8 positive cardiomyocytes were located
at the lateral edge of the myocardial tissue (Figure 7A-H). At the 20-somite
stage, the area of differentiated cardiomyocytes expanded in the ALPM. At
this stage, cardiomyocytes were predominantly negative for phospho-
Smad1,5,8 protein with the exception of the lateral most cardiomyocytes (Fig-
ure 7I-L). Reiterative of the 12-15 somite stages, a strong
phospho-Smad1,5,8 signal was observed in the tissue directly adjacent to
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Figure 6. Overexpression of Bmp signaling results
in ectopic hand2 expression and in a reduction in
the number of differentiated cardiomyocytes.
(A-D) In situ hybridization for hand2 on control and
Tg(hsp70:Bmp2b) embryos at 18 somite stage, heat-
shocked at 14 somite stage. In control embryos hand2
is expressed in the ALPM and the posterior LPM. In
Tg(hsp70:Bmp2b) embryos hand2 is ectopically ex-
pressed and is now also expressed in the region be-
tween the ALPM and the posterior LPM (arrowheads
in A and C).
(E) graphical representation of the total number of car-
diomyocytes of control and Tg(hsp70:Bmp2b) embryos
at 48 hpf, heat-shocked at 18 hpf. Overexpression of
Bmp2b at 18 hpf results in hearts that have a reduced
number of cardiomyocytes. Bars represent mean ±
SEM. *, p < 0.05.
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the myocardium (endocardium, endoderm and LPM). From these results we
can conclude that Smad1,5,8 proteins are activated in undifferentiated ALPM
and peripheral cardiomyocytes and not activated in the medially differenti-
ated myocardium.

A biphasic role for Bmp signaling in cardiac specification and differentiation

From our previous results we know that ventricular cardiomyocytes are dif-
ferentiated before atrial cardiomyocytes differentiate. This is underlined by
our results that early during development both chambers can be affected by
a reduction in Bmp signaling and that only the atrium can be affected when
Bmp signaling is reduced during segmentation (Figure 8A and red and blue
lines in B). In concordance with our finding that Bmp signaling is required for
cardiomyocyte specification, not only during gastrulation but also during seg-

Figure 7. Bmp is active in cardiomyocytes and its surrounding tissue.
(A-D) Reconstruction of confocal z-stacks of LPM of Tg(cmlc2:eGFP) embryos at 12 somites
stained for phosphorylated-Smad1,5,8 (pSmad1/5/8). A few myocardial cells, stained with
eGFP for Tg(cmlc2:eGFP) in green is positive for pSmad1/5/8 in red, indicated by the arrow.
Note that the tissue surrounding the first myocardial cells is also responsive to the Bmp sig-
nal. The tissue is counterstained with DAPI to indicate nuclei.
(E-L) Single confocal scan of an embryo stained for the cardiac marker Tropomyosin in red
and pSmad1/5/8 in green. Arrows indicate Tropomyosin positive cardiomyocytes that are re-
sponsive to Bmp signaling.
(M-T) Single confocal scan of Tg(cmlc2:eGFP) embryos stained for eGFP in green and
pSmad1/5/8 in red. Arrows indicate cardiomyocytes with an active Bmp signal.
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mentation, we find that the lateral most cardiomyocytes are responsive to
Bmp signaling. However, the older and more differentiated cardiomyocytes
are no longer responsive to Bmp signaling. Furthermore, overexpression of
Bmp signaling results in ectopic expression of the specification marker hand2.
This overexpression of Bmp2b however results in a reduction in the number
of differentiated cardiomyocytes at 48 hpf. This indicates that specifying cells
require a Bmp signal and that differentiating cells require a reduction or an ab-
sence of Bmp signaling (Figure 8B, black line and C and D).

Discussion

Here we have shown that prolonged Bmp signaling in the ALPM is required
for the continuous cardiomyocyte differentiation process to occur properly. In
addition to a critical role during gastrulation, Bmp signaling is still required
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Figure 8. Model of the role of Bmp
signaling in cardiac specification
and differentiation.
(A) Schematic representation of a
dorsal view of an embryo during somi-
togenesis where cardiac differentia-
tion progresses continuously from
medial to lateral. The medial (ventric-
ular) cells are differentiated first and
the lateral (atrial) cells are differenti-
ated last.
(B) Graph representing the number of
specified and differentiated cardiomy-
ocytes. Both processes have a differ-
ent axis, however the process of

cardiac specification (red line) and cardiac differentiation (blue line) have a similar curve
since both pools of cells are continuously growing. The black line represents the active Bmp
signal in these cells, where cardiac specification requires an active Bmp signal and cardiac
differentiation does not require an active Bmp signal.
(C) Schematic representation of a transverse section through the heart of an embryo dur-
ing somitogenesis. The black cells are differentiated cardiomyocytes and the white cells are
undifferentiated mesodermal cells. Blue indicates the Bmp response. The most lateral car-
diomyocytes are Bmp responsive and these cells can be reactive to a reduction of Bmp sig-
naling.
(D) Flow chart of the influence of Bmp signaling to these different processes where Bmp sig-
naling is required for specification of mesoderm cells into specified cardiomyocytes. The
process of cardiomyocyte specification into cardiac differentiation requires a reduction or the
absence of a Bmp signal to terminally differentiate these cells.
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after gastrulation for the proper differentiation of cardiomyocytes. From our re-
sults, we conclude that the requirement for Bmp signaling during cardiomy-
ocyte formation is at the specification step, since markers that are expressed
in specified cardiomyocytes prior to their differentiation are reduced or even
lost when Bmp signaling is perturbed. In addition, we found that Bmp signal-
ing is turned off in differentiating cardiomyocytes. Furthermore we observed
that overexpression of Bmp2b resulted in ectopic hand2 expression however
resulting in fewer cardiomyocytes at 48 hpf. This suggests that Bmp signal-
ing is dispensable for their terminal differentiation.
Many studies have shown that a gradient of Bmp signaling during gastrula-
tion patterns cell fates along the embryonic dorso-ventral axis (De Robertis
and Sasai, 1996) (Lemaire and Yasuo, 1998). This early function for Bmp sig-
naling has made it very difficult to reveal its roles in later processes such as
cardiomyocyte specification and/or differentiation. Our rescue experiment, in
which we obtained rescue of the reduced numbers of atrial cardiomyocytes
in the laf/alk8 mutant embryos by re-expressing wt alk8 as late as at the 14-
somite stage without rescuing the dorso-ventral patterning defect, shows ge-
netic evidence that Bmp signaling is required for cardiomyocyte differentiation
independent from its role in dorso-ventral patterning. In addition, we observed
a complete absence of differentiated cardiomyocytes in the alk3a/alk3b dou-
ble mutant embryos in combination with a C4 dorsalization. The C4 dorsal-
ization alone does not explain the absence of cardiomyocytes in these double
mutant embryos since sbn/smad5 or snh/bmp7 mutant embryos that also dis-
play a C4 dorsalized phenotype do have beating heart structures (Chen et al.,
1996) and unpublished observations). The absence of cardiomyocytes in
alk3a/alk3b double mutant embryos therefore indicates that Alk3 besides its
role during dorso-ventral patterning has an additional (later) role during car-
diomyocyte specification.
Furthermore, we observed a temporal difference in the response to reduced
Bmp signaling between ventricular and atrial cardiomyocytes. When Bmp sig-
naling was perturbed at the tail bud stage, both the number of ventricular as
well as the number of atrial cells were reduced. However, when Bmp signal-
ing was perturbed at the 14-somite stage, only a reduction in atrial cell num-
bers was observed. This observation can be explained by the previous
observations in chick and zebrafish that cardiomyocyte differentiation is initi-
ated in ventricular cardiomyocytes and is followed by the differentiation of fu-
ture atrial cardiomyocytes (Stalsberg and DeHaan, 1969) (de Pater et al.,
2009). We observed that even at the 20-somite stage, atrial differentiation is
still occurring while ventricle differentiation has been completed by that time.
Furthermore, our results indicate that the reduced differentiation is primarily
due to impaired specification since the expression of the specification marker
hand2 is reduced when Bmp signaling is perturbed. Also our observation that
blocking Bmp signaling at 24 hpf does not affect cardiomyocyte differentiation,
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while cardiomyocyte differentiation does still occur, points to a requirement for
Bmp signaling during specification rather than differentiation. Taken together
these findings imply that besides differentiation also cardiomyocyte specifi-
cation is a continuous process that is regulated by external factors such as
Bmp signaling.
Our conclusions differ from those of previous reports suggesting that Bmp
signaling regulates cardiomyocyte specification or differentiation during gas-
trulation (Kishimoto et al., 1997) (Reiter et al., 2001) (Marques and Yelon,
2009). The previous observation that bmp2b is expressed in a ventral-to-
dorsal gradient at late blastula and early gastrula stages and the observation
that swr/bmp2b mutant embryos lack nkx2.5 and gata5 expression has led to
the conclusion that Bmp signaling is essential for myocardial differentiation
during gastrulation (Kishimoto et al., 1997) (Reiter et al., 2001). These results
can possibly be explained by the auto-regulatory feedback loop during Bmp
signaling. Due to this auto-regulatory feedback loop, expression of other Bmp
genes such as bmp4 and bmp7 is not maintained during and after gastrula-
tion in swr/bmp2b mutant embryos (Kishimoto et al., 1997). In a recent study
Marques et al., concluded that Bmp signaling during gastrulation controls
chamber identity of cardiac progenitor cells and that after gastrulation Bmp
signaling is no longer required for cardiac specification and differentiation. To
perturb Bmp signaling these authors use either the temporal controlled ex-
pression of a truncated Xenopus Bmp receptor with dominant negative activity
using the Tg(HSE:cBmpr1b,eGFP) line or incubated the embryos with Dor-
somorphin, a chemical inhibitor for Bmp signaling. Could the difference in ex-
perimental setup explain these different conclusions? We previously reported
that heat-shock induced Tg(hsp70:noggin3) embryos when induced at the
early gastrula stage (shield) will be strongly dorsalized (C5) and phenotypi-
cally indistinguishable from swr/bmp2b mutant embryos (Chocron et al.,
2007). Similar reported experiments using Tg(HSE:cBmpr1b,eGFP) resulted
in a moderate dorsalized phenotype (C3 and C1) (Pyati et al., 2005) sug-
gesting an incomplete block of Bmp signaling in heat-shock induced
Tg(HSE:cBmpr1b,eGFP) embryos. Similar results have been described using
Dorsomorphin to perturb Bmp signaling in zebrafish embryos (Yu et al., 2008).
Treatment of zebrafish embryos with 10 µM Dorsomorphin from shield stage
onward resulted only in moderate dorsalized phenotypes (C2-C3), while
strong dorsalized embryos (C5) were never observed not even after pro-
longed exposure to the inhibitor. Taken together, it can be concluded that the
level of Bmp signaling interference is strongly dependent on the experimen-
tal setup being used and that a temporal controlled complete block of Bmp
signaling can only be obtained by using the Tg(hsp70:noggin3) transgene.
We therefore believe that this difference in experimental setup used to perturb
Bmp signaling could explain the different experimental outcomes of the two
studies.
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Lastly, we have investigated which cells in the ALPM receive and therefore
can respond to the Bmp signal by visualization of nuclear phospho-
Smad1,5,8 protein. We observed that phospho-Smad1,5,8 is present in the
undifferentiated ALPM and absent from the differentiating cardiomyocytes.
This would be in agreement with a role for Bmp signaling in cardiac specifi-
cation and the initiation of differentiation and would suggest that Bmp signal-
ing is not required any longer once cardiomyocytes have initiated the
differentiation program. This is surprising since Bmps are expressed in dif-
ferentiating cardiomyocytes and would suggest a paracrine function for Bmp
signaling rather than autocrine signaling. Furthermore, our observation that an
overexpression of Bmp2b results in an ectopic expression of the specification
marker hand2 and a subsequent reduction in the number of differentiated car-
diomyocytes underlines this model. An alternative explanation for the reduc-
tion of differentiated cardiomyocytes after overexpression of Bmp signaling
could be a reduction in migration of surrounding mesoderm to the heart tube.
It is well established that an alteration of Bmp signaling results in a reduction
in migration of cells during gastrulation (von der Hardt et al., 2007). However,
we find this explanation unlikely since the entire heart tube is migrating and
the surrounding mesoderm is always present. Furthermore, the phospho-
Smad data underlines our theory that for terminal differentiation of cardiomy-
ocytes, these cells require a reduction or an absence of Bmp signal.
Previously, it was observed that when Bmp beads were implanted in the
ALPM of chick embryos, cardiac specification markers could be induced while
cardiac differentiation markers were not induced (Schultheiss et al., 1997).
These results are explained by the authors by an absence of a second in-
ductive signal required for cardiac induction, present in the anterior endo-
derm. However, our finding that pSmad levels are undetectable in terminally
differentiated cells and that overexpression of Bmp results in fewer car-
diomyocytes, indicated that Bmp signaling is required to induce cardiomy-
ocyte specification in the ALPM and subsequently, Bmp signaling needs to be
low or inactivated for terminal differentiation of cardiomyocytes.
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Experimental Procedures

Zebrafish lines:
All transgenic strains were analyzed as heterozygotes in our studies, and all embryos were
grown at 28.5oC. To identify cardiomyocytes we used the Tg(myl7:EGFP)twu26 (Huang et
al., 2003) and Tg(-5.1myl7:nDsRed2)f2 (Mably et al., 2003) lines. Mutants used in this study
were acvr1ltm110b, alk3ahu, and alk3bsa. To re-express alk8 we used Tg(hsp70:alk8) (Shin et al.,
2007), to down regulate bmp signaling we used Tg(hsp70I:Nog3)fr14 (Chocron et al., 2007)
and to overexpress Bmp2b we used Tg(hsp70:Bmp2b)fr13 (Chocron et al., 2007).

Cell counts:
To count cardiomyocytes at various stages we used the Tg(cmlc2:DsRed2-nuc) line stained
using an α-DsRed antibody (Clontech, 1:100) and an α-AMHC antibody (s46 from the Hy-
bridoma bank 1:10) and a nuclear counter stain with DAPI. Images were acquired by confocal
microscopy with a Leica CLSM confocal microscope. 3-D reconstruction and cell counting were
performed using Volocity software (Improvision).

Histological methods:
Whole mount immunofluorescence was performed according to (Smith et al., 2008). Vibratome
sections were used to visualize pSmad in the lateral plate mesoderm. Embryos were embed-
ded in 3% agarose in PBS and 100 µm sections were stained O/N with primary antibody and
for 4 h with secondary antibody. Agarose slices were subsequently counterstained O/N with
DAPI (Invitrogen, 1:2500). Antibodies used in this study: α-DsRed (Clontech, 1:200), α-AMHC
antibody (Hybridoma bank, s46, 1:10), α-phospho-His (Upstate, 1:1000), α-eGFP (Chemokine,
1:200) and α-phospho-Smad1, 5, 8 (Cell Signaling, 1:200).
In situ hybridization was performed according to (Chocron et al., 2007). Probes used were,
hand2 (Yelon et al., 2000), nkx2.5 (Alexander et al., 1998), tbx1 (Piotrowski et al., 2003) and
cmlc2 (Yelon et al., 1999).

Heat-shock experiments:
Heat-shock experiments were performed according to (Chocron et al., 2007).
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Abstract

Islet1 is a transcription factor that plays key roles during embryonic heart de-
velopment from Drosophila to human cardiac progenitor cells. In the amniote
heart, Islet1 is required in the second heart field for the recruitment of car-
diomyocytes to the growing poles of the heart tube. Recently, Isl1 descen-
dants have been found back in many structures of the heart, like the working
myocardium, blood vessels within the heart and in the sino-atrial node (SAN).
In this study, we describe the expression pattern of Islet1 and its family mem-
bers; Islet2a and Islet2b in zebrafish embryos. We find that only isl1 is ex-
pressed in the embryonic heart. Furthermore, we describe the expression
pattern of Isl1 in the zebrafish heart throughout development into adulthood.
We found that in the adult heart, Isl1 remains expressed in the sino-atrial node
suggesting that Isl1 has a function in this adult heart structure

Introduction

Islet1 (Isl1) is an important transcription factor during embryogenesis. Isl1 is
a member of the LIM/homeodomain family of transcription factors. Its first role
was described in primary motor neuron formation (Pfaff et al., 1996). Indeed
zebrafish embryos deficient for Isl1 remain immotile (de Pater et al., 2009;
Hutchinson and Eisen, 2006). A family member of Isl1, Islet2b (Isl2b), for-
merly known as Islet2, is also required for motor neuron formation (Hutchin-
son and Eisen, 2006). Furthermore, Isl1 is important for organ formation like
the formation of the heart. In particular, Isl1 is expressed in the second heart
field (SHF) of amniotes and in the Isl1 knockout, the heart is malformed and
lacks the outflow tract (OFT), right ventricle and parts of the atria (Cai et al.,
2003). Recently it was shown that isl1 is also required for cardiac formation
in drosophila (Mann et al., 2009) and Xenopus (Brade et al., 2007). In ze-
brafish, Isl1 is required for the completion of the 2 chambered heart and Isl1
knockout results in an arrhythmia suggesting a role for Isl1 in the formation
of the cardiac pacemaker or sino-atrial node (SAN) (de Pater et al., 2009). Be-
sides the working myocardium, Isl1 descendants have been found back in
the proximal aorta, the trunk of the pulmonary artery, the stems of the main
left and right coronary arteries, in vascular lineages and Isl1 progenitors make
a contribution to the cells of the conduction system, primarily to the sino-atrial
node (SAN) (Laugwitz et al., 2008). These structures can be summarized into
three main structures of the heart, the working myocardium, the blood vessels
in the heart and the pacemaker system. Although extensive Islet1 lineage
tracing has been performed, much less is known about when and where islet-
1 is expressed in the developing and adult heart.
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In this study we describe the expression pattern of zebrafish isl1, islet2a
(isl2a) and isl2b. Furthermore, we describe the expression pattern of Isl1 in
the zebrafish heart in more detail.
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Results and discussion

Expression of isl1, isl2a and isl2b from 4 cell stage-24 hpf

We initially assayed the expression of isl1, isl2a and isl2b using whole mount
in situ hybridization. We found that neither isl1, isl2a nor isl2b were mater-
nally expressed (Figure 1A-C).
At 15 somites, isl1 expression was observed in Rohon-Beard sensory neu-
rons (RB) and in motor neurons (MN). Furthermore, isl1 expression was ob-
served in the trigeminal sensory ganglions (TSG) positioned in the posterior
head region. At this time point isl1 was also expressed in several brain struc-
tures like the epiphysis (Figure 1E-G and schematic representation Figure
1H). At this stage isl2a and isl2b expression was only observed in RB’s and
not in MN’s (Figure 1E-G). isl2a was also detected in trigeminal sensory gan-
glions. Furthermore isl2b was also detected in the posterior lateral plate
mesoderm (Figure 1G and H)
Besides the neuronal expression pattern, isl1 expression was observed in
the anterior lateral plate mesoderm (ALPM) shown in E’. isl2a expression was
not observed in the ALPM and isl2b was only expressed medially, presumably
in the endoderm and in the caudal part of the ALPM. This tissue does not
contribute to the heart (Serbedzija et al., 1998) (Figure 1E’- G’ and H’).
At 23 somites, isl1 expression was still observed in RB’s and in MN’s. At this
stage isl2a expression was observed in RB’s, however isl2b expression was
now also observed in both the MN’s and RB’s (Figure 1I-K and L). Further-
more expression of all three genes was observed in the trigeminal sensory
ganglions. We found isl1 expression in the hatching gland, the branchial
arches, in the dorso-rostral cluster, the ventro-rostral cluster, and the epiph-
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Figure 1. Expression of isl1, isl2a and isl2b from 4 cell stage to 24 hpf
In situ expression patterns of islet1, islet2a and islet2b from 4 cell stage until 24 hpf where
panels (A, E, E’, I, I’, M) show islet1 expression, (B, F, F’, J, J’, N) show islet2a expression,
(C, G, G’, K, K’, O) show islet2b expression. (D, H, H’, L, L’, P) are a cartoon of the ze-
brafish embryo with legend of the expression patterns.
(A-C) Expression of isl1, isl2a and isl2b at 4-cell stage to determine maternal contribution.
(E-G) Expression of isl1, isl2a and isl2b at 15 somites stage.
(E’-G’) enlargement of (D-F) and an anterior-dorsal view for a view on the ALPM.
(I-K) Expression of isl1, isl2a and isl2b at 23 somites stage.
(I’-K’) Enlargement of (G-I) and an anterior-dorsal view for a view on the ALPM.
(M-O) Expression of isl1, isl2a and isl2b at 24 hpf focusing on the head structure.
MN, motor neuron; RB, Rohon-Beard neuron; ALPM, anterior lateral plate mesoderm; TSG,
trigeminal sensory ganglion; VRC, ventro-rostral cluster; DRC, dorso-rostral cluster; PLPM,
posterior lateral plate mesoderm; HG, hatching gland; BA, branchial arches; PB, pancreatic
bud; E, epiphysis.
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ysis (Figure 1I and L). We found isl2b expression in the branchial arches and
in posterior lateral plate mesoderm (PLPM) (Figure 1K-K’ and L-L’).
At 24 hpf isl1, isl2a and isl2b were expressed in RB neurons, the TSG and the
hindbrain. Furthermore, we found isl1 expression in the dorso-rostral cluster,
the ventro-rostral cluster and the epiphysis and in the pancreatic bud. isl2b ex-
pression was also observed in the branchial arches and the pancreatic bud
(Figure 1M-O and P).

Isl1 is expressed in lateral cardiac mesoderm

Neuronal expression of the islet family in zebrafish has been described pre-
viously (Hutchinson and Eisen, 2006), therefore we have focused this study
on the expression of Islet1 in the mesodermal region and in particular in the
cardiac region.
At 23 somites we observed isl1 expression in the ALPM. Double labeling with
atrial myosin heavy chain (amhc) showed that isl1 was found in future atrial
cells and in undifferentiated mesodermal cell located lateral to the amhc ex-
pressing cells (Figure 2A and schematic representation B). To address the lo-
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Figure 2. isl1 is expressed in lat-
eral cardiac mesoderm
(A) Expression pattern at 23
somites stage of amhc in red and
isl1 in blue and (B) schematic rep-
resentation of a transverse section
through the cardiac disc where the
atrial cells are most lateral and the
medial cells represent ventricular
cells. The cardiac disc is sur-
rounded by a layer of endocardial
cells and the endoderm is located
dorsal to the endocardium. White
cells represent undifferentiated
mesoderm cells.
(A) Isl1 expression overlaps laterally
with amhc staining. This image is fo-
cused on the staining most ventral
just on top of the yolk in the ALPM.

(C-E) Single confocal scan of a fluorescent antibody labeling of transverse sections of a 23
somite stage embryo expressing Tg(cmlc2:eGFP) in all cardiomyocytes. Cardiomyocytes
are labeled in grey in (C) and in green in (E) and Isl1 is shown grey in (D) and in red in (E).
Arrowheads indicate GFP+/Isl1+ cells.
(F-H) Single confocal scan of a fluorescent antibody labeling of transverse sections of a 23
somite stage embryo where cardiomyocytes are labeled with Tropomyosin. Tropomyosin is
shown in grey in (F) and in red in (H) and Isl1 is shown in grey in (G) and in green in (H).
Arrowheads indicate Tropomyosin+/Isl1+ cells.
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calization of Isl1 expressing cells in relation to the cardiomyocytes more pre-
cisely we used an antibody recognizing both Isl1 and Isl2 in transgenic em-
bryos expressing eGFP under the control the cardiac myosin light chain 2
(cmlc2) promoter (Tg(cmlc2:eGFP) (Figure 2C-E), or in combination with an
antibody that recognized Tropomyosin in heart and skeletal muscles (Figure
2F-H). Isl1 protein could be detected in the lateral most myocardial cells, which
will form the future atrium (arrowheads in Fig. 2D and E, G and H and schematic
representation B). This is in concordance with the in situ expression data were
we found that isl1 is present in the lateral most atrial cells. Furthermore we ob-
served Isl1 dorsal to the myocardium, where endocardial and endodermal cells
are located (Figure 2D-E, G-H and schematic representation B).

Isl1 expression in the heart from 36 hpf until 5 dpf

In addition we determined the presence of Isl1 protein in the zebrafish heart
during different stages of development. At 36 hpf Isl1 protein was detected in
regions near the arterial pole and the venous pole of the heart (boxed areas
of the cartoon in Figure 3A-F). Since Tg(cmlc2:eGFP) was used, the my-
ocardium was marked by eGFP expression in these embryos. We observed
a co-localization of the α-eGFP signal with the α-Isl1 signal at the regions of
the venous pole and the arterial pole of zebrafish hearts at 36 hpf. The
Isl1+/eGFP+ cells are indicated with arrowheads. At a later stage (48 hpf) we
detected co-localization of eGFP and Isl1 at the venous pole of the heart (Fig-
ure 3G-I). At 48 hpf we still detected Isl1 around the arterial pole of the ze-
brafish heart, however we did not detect co-localization with eGFP at the
arterial pole. At 5 days post fertilization (dpf) we observed several cardiomy-
ocytes at the venous pole that still expressed the Isl1 protein (Figure 3J-L).

Isl1 is expressed in the juvenile and adult heart

At 28 dpf Isl1+ cells were still detected in the heart. The Isl1+ cells were clus-
tered and located at the venous pole. The Isl1+ cells were still positive for
eGFP although the intensity of the eGFP signal was lower when compared
with Isl1- cardiomyocytes. Furthermore we observed that the morphology of
the Isl1+ cells was different from the rest of the myocardium. At this stage the
myocardium is hallmarked by striated muscle cells. The morphology of the
Isl1+/eGFP+ cells did not show this phenotype and the Isl1+ cells were
smaller and rounder than other cardiomyocytes (Figure 4A-D). Even in the
adult heart a small cluster of Isl1 positive cells at the venous pole was de-
tected (Figure 4E-L). Similar to the 28 dpf hearts, the Isl1+ cells expressed low
levels of cmlc2 and were relatively small with little cytoplasm and were not stri-
ated (Figure 4I-L). Our finding that there is a small cell cluster of Isl1+ cells at
the venous pole from early embryonic stages, through larval stages remain-
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ing even in adult stages suggests that these are specialized cardiomyocytes
that arise during embryonic heart development. Initially the Isl1+ cells express
normal levels of cmlc2 (as indicated by the eGFP signal) but the cmlc2 ex-
pression level decreases drastically when compared with surrounding Isl1-
cardiomyocytes. Together with the observation that the Isl1+ cells are smaller
and lack clear striation this suggest that these cells do not fully differentiate
into mature cardiomyocytes.

Isl1 is expressed in the sino-atrial node in adult zebrafish hearts

Isl1 descendants in mouse have been found back in the SAN (Sun et al.,
2007). Thus far a SAN-like structure in the zebrafish heart has not been iden-
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Figure 3. Isl1 expression in
the heart from 36 hpf until 5
dpf
Single confocal scan of a fluo-
rescent antibody labeling of
Isl1 and eGFP in embryos ex-
pressing Tg(cmlc2:eGFP) in all
cardiomyocytes. GFP+ car-
diomyocytes are represented
in grey in (A, D, G, J) and in
green in (C, F, I, L). Isl1 is
shown in grey in (B, E, H, K)
and in red in (C, F, I, L). Arrow-
heads indicate Isl1+/GFP+
cells
(A-C) Fluorescent immunola-
beling of Isl1 and eGFP in a 36
hpf embryo, focused at the
outflow tract (OFT). The boxed
area of the cartoon in the right
upper corner in panel A indi-
cates the area that is shown in
these panels.
(D-F) Fluorescent immunola-
beling of Isl1 and eGFP in a 36
hpf embryo, focused at the in-
flow tract (IFT). The boxed

area of the cartoon in the right lower corner in panel D indicates the area that is shown in
these panels.
(G-I) Fluorescent immunolabeling of Isl1 and eGFP in a 48 hpf embryo. At this time point
Isl1+/GFP+ cells can only be found in the IFT of the zebrafish heart.
(J-L) Fluorescent immunolabeling of Isl1 and eGFP in a 5 dpf. At this time point Isl1+/GFP+
cells can only be found in the IFT of the zebrafish heart.
The scale bar represents 50 µm.
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tified. hcn4 is a marker for the SAN in amniotes and is a member of the fam-
ily of proteins that encode hyperpolarization-activated cyclic nucleotide-gated
potassium channels. Hcn4 shows slow kinetics of activation and inactivation
and is required for pacemaker function in the vertebrate heart. Human muta-
tions in this gene are linked to sick sinus syndrome or sinus node bradycar-
dia (reviewed in (Nof et al., 2009). To identify a SAN-like structure in the
zebrafish heart we determined the expression pattern for hcn4 as a marker
for the SAN and compared this to the expression of isl1 in the adult heart (Fig
5A-D). We could detect both the expression of hcn4 and isl1 in the same re-
gion of the zebrafish adult heart at the inflow tract (IFT) of the heart. Due to
technical difficulties we could not perform double labeling of Isl1 and hcn4,
these expression patterns however are similar and these suggest that isl1 is
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Figure 4. Isl1 expression in the juvenile and adult heart
Single confocal scan of a fluorescent immunolabeling of Isl1 and eGFP in embryos ex-
pressing Tg(cmlc2:eGFP) in all cardiomyocytes. Nuclei are labeled with DAPI. GFP+ car-
diomyocytes are represented in grey in (A, E and I) and in green in (C, D, G, H, K, L). Isl1
is shown in grey in (B, F and J) and in red in (C, D, G, H, K, L). D, H and L represent an
overlay of the immunolabeling with DAPI in blue.
(A-D) Fluorescent immunolabeling of Isl1 and eGFP in a 28 dpf zebrafish. At this time point
Isl1+/GFP+ cells can only be found in the IFT of the zebrafish heart as a clutch of cells in-
dicated by arrowheads.
(E-H) An overview of the IFT of an adult zebrafish heart with the clutch of Isl1+ cells indi-
cated with the arrowhead.
(I-L) An enlargement of this region showing the low expression of cmlc2 in panel I.
Arrowheads indicate Isl1+/GFP+ cells and the scale bar represents 50 µm.
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expressed in the SAN.

In conclusion we found that zebrafish Isl1 is expressed in the heart at all em-
bryonic, larval and adult stages tested. The Isl1+ cells are clustered and are
morphological different from their surrounding cardiomyocytes. The expres-
sion of hcn4 in the Isl1+ cells indicates that the observed cluster of Isl1+ cells
represents the SAN homologous structure in the fish heart. What remains to
be investigated is the function of Isl1 in the SAN. Interestingly we observed
that embryos deficient for Isl1 display a reduced heart rate and arrhythmias
(de Pater et al., 2009) suggesting a critical role for isl1 in SAN formation.

Experimental procedures

zebrafish husbandry
Zebrafish were grown up under standard conditions at 28.5°C. All transgenic strains were an-
alyzed as homozygous in our studies. To identify cardiomyocytes we used the
Tg(myl7:EGFP)twu26 (Huang et al., 2003).

whole mount in situ hybridization
cDNA clones for isl1, isl2a and isl2b probe synthesis were obtained using the following primer
sets; islet1F: CTTACTTTCTTGACATGGGAG, islet1R: ATAATCCACTCGCCTAGGC, islet2aF:
GACGTGCACTTGCTTCGTC, islet2a R: GAGATTCGTTTTGTCGTTGTG; islet2bF: CCAC-
GACCAGTACATCCTG, islet2bR: TCTTATCCTTGCAGCGCTTG. PCR products were subse-
quently cloned into the dual promoter TOPO cloning vector and probes were synthesized with
dig-labeling kit (Sigma) from linearized plasmids, amhc was obtained from the Yelon lab (Yelon
et al., 1999). Whole mount in situ hybridization was performed according to (Chocron et al.,
2007). Embryos were analyzed in Murrays (benzyl benzoate/benzyl alcohol 2:1) except when
a double labeling was performed with INT/BCIP labeling. The embryos from the double in situ
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Figure 5. Isl1 expression marks the sino-atrial
node
(A-B) Expression pattern of hcn4 in the adult ze-
brafish heart, where B is an enlargement. Both
images represent the cardiac tissue at the inflow
tract (IFT).
(C-D) Expression pattern of isl1 in the adult ze-
brafish heart, where D is an enlargement of C.
Both images represent the cardiac tissue at the
inflow tract (IFT).
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were analyzed in 80% glycerol. Hearts were stained according to the same protocol and sub-
sequently sectioned in plastic (Technovit 1800).

immunohistochemistry
Fluorescent antibody labeling was performed on embryos fixed O/N in 2% PFA containing su-
crose. Embryos were subsequently washed to pbs containing 0.1% tween20 (pbst). In order
to obtain the vibratome sections we embedded the embryos or zebrafish hearts in 3% agarose
in PBS and 90-120 µm vibratome sections were made. These sections were incubated with
blocking buffer containing 1% DMSO, 1% BSA, 0.1% triton in PBS and subsequently incu-
bated with the primary antibodies for Isl1 (clone 39.4D5 hybridoma bank 1:200) and GFP
(chemokine 1:200) or Tropomyosin (sigma 1:200) in blocking buffer O/N at 4°C. The following
day sections were washed with blocking buffer and incubated with the appropriate secondary
antibodies for 4 hours (anti-mouse-Cy2 labeled and anti-rabbit-Cy3 (Jackson Immunoresearch
1:1000), anti mouse Igg2b-alexa 647 and anti mouse Igg1-alexa 546 (1:500 Invitrogen).

Fluorescent detection and imaging
The embryos were stained O/N in a 1:2500 solution of pbst and DAPI and subsequently
washed to pbst. The embryos were mounted as freshly as possible. The sections were placed
on a cover slip. The pbst was then removed and replaced by a drop of Vectashield containing
DAPI. The remaining Vectashield was removed and the coverslip was placed on a glass slide
with a window of petroleum jelly so the embryos were not squashed by the coverslip.
Subsequently, the sections were imaged using a Leica TCS SPE confocal microscope with a
20x Leica oil lens or a 63x Leica oil lens for the enlargements. The images were zoomed in
1.96x with the LAS-AF TCS SPE software and sequential confocal images were taken using
the laser channels, 405, 488 and 532 nm with a standardized step size of 0.642 µm in the z-
direction. The pinhole was set to 1 airy unit and the scanning speed was 600 Hz.
The images were reconstructed using Volocity version 4.1 software. The confocal images were
opened in the Volocity 4.1 software in the image window to obtain images of a single confocal
scan.
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Abstract

Cardiac arrhythmia is a leading cause of death in the Netherlands and is
caused by a defect in the cardiac conduction system. The pacemaker or sino-
atrial node (SAN) is the major regulator of cardiac rhythm and a defect in the
SAN can lead to sick sinus syndrome or cardiac sudden death. It is therefore
intricate to understand the developmental processes of the formation of the
SAN. We have previously shown that in the zebrafish heart, Isl1 is expressed
in the SAN and that zebrafish mutants deficient for Isl1 have a reduced heart
beat frequency and severe arrhythmias. It has been suggested that the SAN
forms from the last cardiomyocytes that differentiate and add onto the venous
pole of the heart. To test this model we have analyzed SAN function and Isl1
expression in mutant embryos that have reduced or excessive cardiomyocyte
differentiation at the venous pole. We have found that a significant reduction
in cardiomyocytes at the venous pole of the heart in laf/alk8 mutant embryos,
or a surplus of atrial cardiomyocytes in cloche mutant embryos, does not af-
fect cardiac rhythm nor affects Isl1 expression at the venous pole of the heart.
These findings support the model in which the positioning of the SAN is flex-
ible and independent of heart size. Furthermore, these results suggest that
the cardiac arrhythmia observed in isl1 deficient larvae was not caused by
reduced cardiomyocyte differentiation but by a specific requirement for Isl1 in
SAN formation or function.

Introduction

Cardiac arrhythmia is a progressive disease. Almost 1% of the population suf-
fers from a form of cardiac arrhythmia and 10% of the population over 80 suf-
fers from this cardiomyopathy. In cardiac arrhythmia, the conduction system
of the heart is not properly functional which can lead to defects like sick sinus
syndrome and atrial fibrillation. The major regulator for proper cardiac con-
traction is the pacemaker of the heart or the sino-atrial node (SAN) (Chien,
2000; Dutch-heart-foundation, 2009). It is therefore vital to understand the
regulating processes that form the sino-atrial node.
The vertebrate heart tube grows by differentiation of surrounding mesoderm
(Kelly et al., 2001) (de Pater et al., 2009). This growth takes place at both
poles of the heart tube and lengthens both the arterial pole and the venous
pole. At the venous pole, the sino-atrial node (SAN) forms. It is vital for the de-
velopment of a correct cardiac contraction that the SAN is formed in the
proper place in the heart tube. The current theory regarding the placement of
the SAN is that it always forms from the cardiomyocytes, which were the last
to be added to the heart tube (Patten, 1949). Nkx2.5 expression regulates
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the border of the atrial working myocardium and the SAN by its absence from
the SAN (Mommersteeg et al., 2007). Tbx3 is then expressed in the region
that will form the SAN. This will subsequently lead to the expression of the hy-
perpolarization-activated channel hcn4. The SAN is mainly defined by the ab-
sence of several genes like nkx2.5, ANF, chisel, cx40 and cx43 (Hoogaars et
al., 2007).
Isl1 is an essential transcription factor required for the development of the
heart proper. In mouse embryos, Isl1 is a marker for the second heart field
(SHF) and when isl1 is knocked out in this region, the heart is malformed and
lacks the outflow tract (OFT), right ventricle and parts of the atria. Further-
more descendants of isl1 expressing cells have been found back in several
cardiac cell types, mainly the working myocardium, the blood vessels in the
heart and the pacemaker system (Cai et al., 2003) (Laugwitz et al., 2008).
Isl1 function is conserved throughout evolution where Isl1 is also required for
cardiac formation in drosophila (Mann et al., 2009) and Xenopus (Brade et al.,
2007). We have previously observed a reduced number of cardiomyocytes at
the venous pole in zebrafish mutant embryos that are deficient for Isl1. This
reduction of venous cardiomyocytes was accompanied by a slower heartbeat
(bradycardia) and severe arrhythmias (de Pater et al., 2009). Furthermore, we
have previously shown that Isl1 marks the SAN (chapter 5). Therefore we
tested whether the observed bradycardia and arrhythmia in Isl1 mutant em-
bryos was indeed due to the observed reduction in cardiomyocyte differenti-
ation at the venous pole. To do so we determined whether perturbations in the
cardiomyocyte differentiation process at the venous pole has consequences
for the location and the function of the SAN. In Chapter 4, we described that
Bmp signaling is required for the continuous cardiomyocyte differentiation
process at the venous pole of the zebrafish heart. Mutant embryos deficient
for the Bmp receptor Alk8 have a severe reduction in the number of atrial car-
diomyocytes and blocking Bmp signaling using inducible Tg(hsp70:noggin3)
during mid-segmentation stages showed that this affects cardiomyocyte dif-
ferentiation at the venous pole. Surprisingly we observed that in genetic mu-
tants with either a severe venous truncation, or with excessive differentiation
at the venous pole, the location and the function of the SAN was not altered.
We therefore conclude that the cells that form the SAN do not have a fixed lo-
cation, but are derived from cardiomyocytes at the distal end of the venous
pole. In addition, we conclude that pacemaker defects observed in the isl1
mutant embryos is due to a specific role for Isl1 in the SAN.
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Results and discussion

Laf/alk8-/- embryos show venous expression of Isl1

In chapter 5, we describe that Isl1 is expressed in the most distal cells at the
venous pole region in both embryonic and adult hearts. Since we concluded
that the Isl1 positive cells mark the SAN in the zebrafish heart we determined
Isl1 expression in the laf/alk8-/- mutant embryos at 48 hpf. Despite the severe
atrial truncation in laf/alk8-/- embryos, we could still detect Isl1 expressing cells
in the venous pole of laf/alk8-/- embryos (Figure 1D-F). The number of Isl1
positive cells is somewhat impaired, from 11 ± 1 in WT controls to 8 ± 2 in
laf/alk8-/- embryos (mean ± SEM), but the reduction of Isl1 positive car-
diomyocytes is not significant. These results are in agreement with the re-
sults described above and indicate that the SAN is properly formed in severely
truncated hearts of laf/alk8-/- embryos.

Isl1 expression is not altered after overexpression of Noggin3

To confirm our findings that a reduction in cardiomyocyte differentiation at the
venous pole does not alter formation of the SAN we determined Isl1 expres-
sion, as a marker for the SAN, in Tg(hsp70:Noggin3) embryos in which Bmp
signaling had been blocked temporarily. In embryos heat-shocked at 12
somites stage, we found no difference in expression pattern or level of Isl1 at
23 somite stage (Figure 2). We could detect Isl1 in the lateral cells of the car-
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Figure 1. Isl1 is present at the
venous pole of the heart in
WT and in laf/alk8-/- embryos.
(A-F) Single Z-scan of a confo-
cal image of a sagittal section
through the zebrafish heart at 48
hpf. The heart is stained with an
antibody recognizing eGFP ex-
pressed by Tg(cmlc2:eGFP)
shown in grey in panel A and D
and in green in panel C and F,
and an antibody recognizing Isl1
shown in grey in panel B and E
and in red in panel C and F.
(A-C) Control embryo showing

Isl1 expression at the venous pole. Isl1 positive cardiomyocytes are indicates with arrow-
heads.
(D-F) Atrium of a laf/alk8-/- embryo that is severely truncated by the loss of bmp signaling,
showing Isl1 expression at the venous pole. Isl1 positive cardiomyocytes are indicated with
arrowheads. Scale bar indicates 50 µm.
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diac disk at 23 somites stage of the Tg(hsp70:Noggin3) embryos similar to
WT control embryos. These results demonstrate that Isl1 expression is not
regulated by Bmp signaling.

Isl1 expression in hearts with a surplus of cardiomyocytes

To test whether a surplus in cardiomyocyte differentiation at the venous pole
affects Isl1 expression and thereby SAN formation, we analyzed cloche mu-
tant embryos. In cloche mutant embryos no endothelial cells, endocardial
cells or blood are formed. Furthermore, these embryos have a surplus of car-
diomyocytes at the venous pole of the heart (Schoenebeck et al., 2007). In-
terestingly, we observed Isl1 expression at the proper location (venous pole)
in cloche mutant hearts despite the surplus of cardiomyocyte differentiation in
this region (Figure 3). However, the number of Isl1 positive cells is larger in
the cloche-/- embryos then in WT controls (18.2 ± 1 in cloche-/- versus 10 ± 3
Isl1 positive cardiomyocytes in WT controls, mean ± SEM, p < 0.05).

Cardiac function is normal in embryos with a reduction or a surplus of
cardiomyocytes

To determine whether SAN function is affected in embryos with a severe re-
duction in cardiomyocyte differentiation at the venous pole we determined
heart beat frequencies in laf/alk8-/- embryos. We observed that the laf/alk8-/-

embryos display a slight reduction in heart beat frequency at 48 hpf and 72
hpf. At 48 hpf we found that controls have a heart beat frequency of 131.4 ±
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Figure 2. Isl1 is properly ex-
pressed when Bmp signaling is
abrogated
(A-F) Single Z-scan of a confocal
image of a transverse section
through the zebrafish cardiac disk at
23 somites stage. The cardiac disk
is stained with an antibody recog-
nizing eGFP expressed by
Tg(cmlc2:eGFP) shown in grey in

panel A and D and in green in panel C and F, and an antibody recognizing Isl1 shown in grey
in panel B and E and in red in panel C and F.
(A-C) Control embryo showing wild type Isl1 expression of Isl1 in the lateral most car-
diomyocytes of the cardiac disk. Cardiomyocytes with Isl1 expression are indicated with ar-
rowheads.
(D-F) Tg(hsp70:Noggin3) embryo, heat shocked at 12 somites, showing Isl1 expression in
the absence of Bmp signaling. Cardiomyocytes with Isl1 expression are indicated with ar-
rowheads.
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5 beats per minute versus 98.3 ± 4 beats per minute in laf/alk8-/- embryos. At
72 hpf we found that the control embryos had a heart beat frequency of 175
± 3 versus 137.4 ± 6 beats per minute in the laf/alk8-/- embryos (mean ± SEM)
(Figure 4A). The observed reduction of heat beat frequency is significant (p
< 0.01 at 48 hpf and p < 0.05 at 72 hpf), however the reduction in heart beat
frequencies of the laf/alk8 mutants is not as severe as the reduction in heart
beat frequency of Isl1k88x-/- embryos compared to WT siblings. Furthermore, in
Isl1k88x-/- embryos we observed arrhythmias, such as irregular prolonged
pauses in-between two contractions, which we never observed in laf/alk8-/-

embryos. The slight reduction in cardiac contraction can be caused by the
shape of the laf/alk8-/- hearts at 48 hpf. The hearts of these embryos are
stringy and the embryos display severe edema, indicating that there is pres-
sure building on these hearts. This can result in a reduced heartbeat fre-
quency. We therefore conclude that the SAN is functioning properly in the
laf/alk8-/- embryos despite the severe reduction in cardiomyocyte differentia-
tion at the venous pole. Furthermore, we conclude that the improper function
of the SAN in hearts of the isl1 mutant embryos is not simply due to a reduc-
tion in cardiomyocyte differentiation at the venous pole and suggests that Isl1
has a specific role during development and/or function of the SAN.
Furthermore, we quantified the number of cardiac contractions per minute of
Tg(hsp70:noggin3) embryos heat-shocked at 14 somites. We found that car-
diac contraction is somewhat reduced in the Tg(hsp70:noggin3) embryos
heat-shocked at 14 somites (from 127 ± 2 to 114 ± 3 at 48 hpf and 137 ± 5 to
131 ± 5 at 72 hpf in control and Tg(hsp70:noggin3) embryos respectively).
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Figure 3. Isl1 is expressed at
the venous pole in cloche-/-
embryos.
(A-F) Single Z-scan of a confo-
cal image of a section through
the zebrafish heart at 48 hpf.
The heart is stained with an an-
tibody recognizing eGFP ex-
pressed by Tg(cmlc2:eGFP)
shown in grey in panel A and D
and in green in panel C and F,
and an antibody recognizing Isl1
shown in grey in panel B and E
and in red in panel C and F.
(A-C) Control embryo showing

Isl1 expression at the venous pole. Isl1 positive cardiomyocytes are indicates with arrow-
heads.
(D-F) Atrium of a cloche-/- embryo that has extra cardiomyocytes at the venous pole. Isl1 is
expressed at the venous pole of the heart. Isl1 positive cardiomyocytes are indicated with
arrowheads. Scalebar indicates 50 µm.
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Although the heartbeat per minute is somewhat reduced, the reduction is not
significant compared to control embryos.
In addition, we quantified the heartbeat of embryos with a surplus of car-
diomyocytes at the venous pole of the heart including more Isl1+ cardiomy-
ocytes and we found that the heartbeat in cloche mutants is also reduced
(169 ± 5 in controls versus 119 ± 6 in cloche-/- at 55 hpf, p < 0.01). Also at 72
hpf the heartbeat of cloche-/- embryos is reduced (184 ± 7 in controls versus
155 ± 6 in mutants, p < 0.05). Again, this reduction of heartbeat observed in
cloche mutant embryos is not to the extent of the reduction in cardiac con-
traction in isl1k88x-/- embryos strengthening our theory that the reduction of car-
diac contraction in these mutants is due to stress on the heart due to
insufficient looping. In addition, the frequent stops which we observe in Isl1k88x-
/- embryos are not detected in either laf/alk8 mutants, Tg(hsp70:noggin3) em-
bryos nor in cloche mutant embryos. Therefore, we conclude that the reduced
function of the SAN in isl1k88x-/- embryos is due to a specific function of Isl1 in
the formation of the SAN and not due to a reduction in cardiac cell number at
the venous pole.

Conclusions

Here we have shown that formation of the SAN is independent from the car-
diomyocyte differentiation process. In mutants that have either a reduced
number of cardiomyocytes or a surplus of cardiomyocytes, the SAN always
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Figure 4. graphs showing cardiac contraction
rate in embryos with a reduction or a surplus in
cardiac cell number.
(A) Cardiac contraction rate per minute in laf/alk8 mu-
tant embryos and their controls, quantified at 50 hpf
and 72 hpf. **, p < 0.01; *, p < 0.05.
(B) Cardiac contraction rate per minute in
Tg(hsp70:noggin3) embryos and their controls, heat-
shocked at 14 somite stage and quantified at 48 hpf
and 72 hpf.
(C) Cardiac contraction rate per minute in cloche mu-
tant embryos and their controls, quantified at 55 hpf
and 72 hpf. **, p < 0.01; *, p < 0.05.
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forms and at the proper location most distal to the venous pole. This finding
can be explained when the SAN is formed at the boundary of nkx2.5 expres-
sion at the venous pole and would provide a mechanism that ensures that
the SAN is always formed at the distal end of the venous pole independent
of cardiac size. In addition, we can conclude that bradycardia and arrhyth-
mias observed in the Isl1k88x mutant embryos is caused by a specific require-
ment of Isl1 for the formation or function of the SAN. How Isl1 functions in
the SAN needs to be investigated.

Acknowledgements

We thank Kelly Smith and Anne Lagendijk for supplying the cloche mutant.
We thank members of the Bakkers group for their valuable discussions dur-
ing the preparation of this manuscript. Work in J.B.’s laboratory was supported
by the Royal Dutch Academy of Arts and Sciences. E.P. was supported by
EU FP6 grant LSHM-CT-2005-018833, EUGeneHeart.

Experimental procedures

Zebrafish lines:
All transgenic strains were analyzed as heterozygotes in our studies, and all embryos were
grown at 28.5oC. To identify cardiomyocytes we used the Tg(myl7:EGFP)twu26 (Huang et al.,
2003) and Tg(-5.1myl7:nDsRed2)f2 (Mably et al., 2003) lines. Mutant line used in this study
was acvr1ltm110b (Payne-Ferreira and Yelick, 2003) and clochehu. To down regulate bmp signal-
ing we used Tg(hsp70I:Nog3)fr14 (Chocron et al., 2007)

Histological methods:
Whole mount immunofluorescence was performed according to (Smith et al., 2008). Vibratome
sections were used to visualize Isl1 in the lateral plate mesoderm. Embryos were embedded
in 3% agarose in PBS and 100 µm sections were stained O/N with primary antibody and for 4
h with secondary antibody. Agarose slices were subsequently counterstained O/N with DAPI
(Invitrogen, 1:2500). Antibodies used in this study: α-DsRed (Clontech, 1:200), α-AMHC anti-
body (Hybridoma bank, s46, 1:10), α-eGFP (Chemokine, 1:200) and α-Isl1 antibody (Hy-
bridoma bank, clone 39.D4E, 1:200).
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Abstract

Cardiomyopathies are a leading cause of death in the Netherlands. Both en-
vironmental and genetic factors cause cardiomyopathies to occur. However,
few genetic factors are identified yet to cause cardiomyopathies. For this pur-
pose, we have performed a forward genetic screen to identify new genetic
factors that are involved in cardiomyopathies. We have performed a pilot
screen in adult zebrafish to identify mutant families that have cardiomy-
opathies and we have found 18 putative mutant families with a range of car-
diomyopathies. We could identify one mutant family in the next generation
and we further characterized this family. We found that the homozygous mu-
tant fish of one family were viable and we could screen these fish live. Since
we were able to identify mutant families with cardiomyopathies this pilot
screen was successful.

Introduction

The Dutch population is aging, and with this aging, multiple diseases arise like
cardiovascular diseases (Dutch-heart-foundation, 2009). In this study, we
focus on cardiomyopathies. Cardiomyopathies can be subdivided into three
main categories; (I) dilated cardiac myopathie (DCM). DCM can occur when
there is a defect in z-disk components. One example of such a component is
muscle LIM-domain protein (MLP) and MLP-deficient mice display many fea-
tures of human dilated cardiomyopathy. (II) Hypertrophic cardiac myopathie
(HCM) is hall marked by an enlargement of the cardiac wall due to an in-
crease in myocardial cell size. Often this is corresponding to an activation of
fetal cardiac genes. (III) Restrictive cardiac myopathie (RCM) is a defect in the
contraction or relaxation of the cardiac wall. In this case one or both ventri-
cles cannot relax properly, the blood cannot flow normally through the ventri-
cle and the atrium dilates (reviewed in (Chien, 2000)).
Cardiomyopathies have both environmental causes, like high blood pressure
or high cholesterol levels, and genetic causes. Some families are more pre-
disposed to cardiomyopathies then others. This means that genetic factors lie
at the base for these diseases. However, very few genetic mutations are
known to cause cardiomyopathies.
To identify new genetic factors that cause cardiomyopathies we have per-
formed a pilot forward genetic screen for cardiac enlargements in adult ze-
brafish (Nusslein-Volhard and Wieschaus, 1980). The few genes that have
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been implicated in cardiomyopathies, like MLP, only show a phenotype after
birth (Hoshijima et al., 2002), therefore we have decided that the best time
point to screen the offspring would be at adulthood. The zebrafish reaches
adulthood at 12 weeks post fertilization and this is when we analyzed the fam-
ilies.

Results and Discussion

For the adult screen, the fish were treated 4 times with a concentration of 3.0
mM of ENU. This treatment was different from the original treatment of 5 times
3.3 mM. The reason to treat the fish differently is due to the long-term screen
in the Max Plank Institute itself. To exclude the possibility that mutation prone
or deficient regions were missed due to a higher death rate of the animals in
the screen, several conditions for the ENU treatments were used during the
screen. With lowering the treatment dose the rate of putative mutants how-
ever dropped by 50% from 0.44 phenotypes per family, to 0.21 phenotypes
per family.

Morphological screening of 187 genomes resulted in 18 families with
cardiac defects

For this screen the F3 generation was grown up until 12 weeks, Killed, the
heads including the heart were subsequently fixed, and morphologically
screened. For each family a clutch of 60 embryos from one pair was grown
up and the fish were screened for any abnormalities of the heart that could be
observed morphologically. 374 families were screened for the adult screen,
which resembled 187 genomes. 100% of the genome of one family is con-
sidered screened when the offspring of six pairs of that family are screened.
When only one pair of a family is screened, the genome is screened for 50%,
hence the result of 187 genomes which were screened.
Of the 374 families that could be screened, 18 families displayed cardiac ab-
normalities as shown in Table 1. Of the 18 putative mutant families, 13 fami-
lies were characterized by an enlargement of the atrium. These were grouped
in class I of Table 1. Some families showed an additional phenotype also men-
tioned in Table 1. The second class of putative mutant families was charac-
terized by a cardiac laterality defect. This defect displays as a reverse looping
of the heart. In wild type embryos the heart loops to the right and in adult fish
this is manifested in such a way that the ventricle is present on the right side
in the body and the atrium is placed more dorsally but is present on the left
side of the ventricle. In the laterality mutants, the atrium is present on the right
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side of the ventricle. Since the remaining part of the fish was used for another
screen, we could not determine the laterality of the rest of the organs. There-
fore, we could not make a distinction between situs inversus (mirror image of
all organs) or situs ambiguous (a variety of incomplete reversals). The last
class of putative mutant families was a miscellaneous class. In this class we
identified a putative mutant family characterized by an enlarged aorta, fur-
thermore we identified a putative mutant with a malformed ventricle.
The scope of this screen was to identify mutants with enlarged hearts; there-
fore, we further investigated some putative mutants from the first class.

QA002 results in mutant fish with an enlarged atrium that protrudes from
the body

Mutant fish of one family of class I putative mutant fish were analyzed during
the screen. The mutant fish from family QA002 were smaller than their sib-
lings and the heart protruded from the body. The hearts were sectioned and
we observed that the atrium and ventricle of QA002 mutants were grossly
enlarged and that the wall of the atrium in particular was stretched, so these
hearts showed dilation (Figure 1A-E). The hearts were so dilated that the
atrium appeared transparent during the morphological screen. The myocar-
dial cells did not show signs of hypertrophy (Figure 1F-I arrowheads indicate
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Figure 1. The hearts of QA002
are severely dilated.
(A-C) Results from the morpho-
logical screen. (A) WT sibling and
mutant head where the hearts are
retracted. Note the difference in
size of the sibling and the mutant.
(D-I) Plastic sections of a (D, F, H)
sibling and a (E, G, I) mutant
heart. (D-E) overview of the heart.
The chambers of the mutant are
severely enlarged. (F-G) Enlarge-
ment of the ventricle wall of the
sibling and the mutant. The cell
size is not expanded showing an
absence of hypertrophy. (H-I) En-
largement of the atrial wall of a
sibling and a mutant, showing that
the cardiomyocytes of the atrium
in the mutant are severely
stretched. Arrowheads indicate

cardiomyocytes that are sectioned in a transverse direction allowing to determine the cell
diameter.
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cells sectioned transversely). It is quite remarkable that these fish were still
alive. Since the QA002 mutants were a lot smaller than their siblings were, we
decided not to work on this mutant. The likelihood of them reaching maturity
and subsequently reproductive age were too small to invest more time in
these mutants.

QM153 can be identified live and has severe atrial dilation

The rescreen of several putative mutants was performed on live animals,
since severely enlarged hearts are apparent in live fish (Figure 2B). The ad-
vantage of this type of screening is that we can work with live fish of which the
homozygous mutants can be crossed to obtain a new generation of which all
fish are now carriers. We attempted with 2 families to identify carriers in the
next generation in this manner and of these 2 families, one family, QM153,
could be re-identified by live screen in the next generation and QM153 was
further characterized (Figure 2).
With morphological screening, we identified two cardiac phenotypes in
QM153. 45 % of the extracted hearts showed a wt phenotype, 42% showed
an enlargement of the atrium and 13% of the extracted hearts showed a more
severe phenotype where the atrium was severely enlarged and the ventricle
appeared smaller (Table 1 and Figure 3A-F). This indicates that the mutated
gene in QM153 was haplo-insufficient and we hypothesize that a mutation in
both alleles presents a more severe phenotype observed in 13% of the clutch.
For clarity, we will refer to the mild phenotype, of an enlarged atrium, as a
heterozygous mutant and to the severe phenotype, of an enlarged atrium with
a smaller ventricle, as a homozygous mutant. This is however a speculation
since we cannot genotype these mutants. However, the next generation of
only heterozygous fish did not show the homozygous phenotype of a pro-
truding heart.
The percentages of mutants in the different classes are not completely in con-
cordance with the Mendelian ratio’s we would expect in the case of a domi-
nant phenotype. This could be due to a decreased survival rate of the
mutants.
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Figure 2. QM153 mutant fish can be identified by
live screening
(A-B) Image of a live (A) sibling and (B) mutant of a
family of QM153 fish where the heart is protruding
from the body in the mutants indicated by arrow-
heads.
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Histological characterization of QM153

The hearts of the mutants and siblings were sectioned in plastic for morpho-
logical comparisons as shown in figure 3. The atrium of the heterozygous and
mutant fish was dilated although the myocardial cells did not show signs of hy-
pertrophy (data not shown).
Furthermore, the complete fish were sectioned to compare the morphology of
other tissues that may cause the cardiac phenotype. In this characterization,
offspring of a cross between a mutant male and a heterozygous female was
used to obtain more mutants. This resulted in a ratio of 50% mutants and 50%
heterozygous fish. This morphologic comparison of these two genotypes re-
vealed that the gills of the heterozygous and mutant fish had an aberrant struc-
ture (Figure 4A-B). Since both heterozygous and mutant fish display cardiac
dilation, this could indicate that the cause of the cardiac dilation results from
an insufficient oxygen uptake by the gills, stressing the heart, and resulting in
a subsequent dilation of the heart. To further investigate this hypothesis, we
made a new generation of QM153 fish by incrossing a pair of heterozygous
fish and we examined this time all genotypes, however neither the wild type,
heterozygous nor the mutant fish displayed the gill phenotype anymore (Fig-
ure 4C-D showing the gill structure of a heterozygous and a mutant fish). This
indicates that the gill phenotype seen in the previous generation was an un-
linked mutation that does not cause the cardiac phenotype of QM153 mutants.
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Figure 3. QM153 shows two mutant phenotypes and both show dilation of the atrium
(A-C) Overview of the morphological screen with in (A) the siblings, in (B) the mild het-
erozygous phenotype and in (C) the severe homozygous mutant phenotype.
(D-F) sections through these hearts showing enlargement of the atria in both the (E) mild
phenotype and the (F) severe phenotype.
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Mapping of QM153

We decided to try to map the mutation. We decided to use a homozygous
mutant male to cross to WIK fish. This resulted in 100% heterozygous fish.
One of the female heterozygous fish was then backcrossed to the male
parental fish, to increase the number of mutants in the next generation. We
chose a female heterozygous QM153/WIK fish for this cross since it was re-
ported that more cross over events occur in females then in males. The mu-
tation was mapped to linkage group 15 using SSLP markers.

Conclusions

In this screen, we have identified 18 putative mutants with cardiomyopathies
of which one has been identified in the next generation. This indicates that the
phenotypes observed are not due to an environmental factor, but that a mu-
tation in the genome causes this phenotype in the next generation and that
therefore this screen was successful in finding adult mutants with cardiomy-
opathies.
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Figure 4. The cardiac phenotype of QM153 is not
caused by an aberrant gill structure.
(A-B) Histological characterization of QM153 fish ob-
tained from a cross between a mutant male and a
heterozygous female. A is an image taken from a
heterozygous QM153 fish as is determined by the
size of the heart where A indicated the gills. The gills
appear hypoplastic. B is an image taken from a mu-
tant QM153 fish indicated by the size of the heart
where the gills are presented in B and appear hy-
poplastic. B is a larger magnification to visualize the
gill structure.
(C-D) Histological characterization of QM153 fish ob-
tained from a cross between a pair of heterozygous
fish. C is an image taken from a heterozygous fish

where C indicates the gills. The gills of these heterozygous fish appear normal. D repre-
sents the gills of a mutant QM153 fish. The gills appear normal. Scale bars indicate 100 µm.
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Experimental procedures

A forward genetics screen was performed using ENU mutagenised fish. ENU, also known as
N-ethyl-N-nitrosourea (chemical formula C3H7N3O2) mutagenesis is known for its preference
to mutate A to T and thus introducing more frequently STOP codons in the genome. For the
adult screen, the fish were treated 4 times with a concentration of 3.0 mM of ENU.

The male mutagenised fish were outcrossed with wt tuebingen longfin females to generate an
F1 and the F1 was subsequently outcrossed to generate the F2 generation. The F2 genera-
tion was subsequently incrossed to obtain the F3 generation. For the adult screen, the F3 gen-
eration was grown up until 12 weeks, subsequently fixed in 4% PFA, and morphologically
screened for cardiac phenotypes.

Histological methods
Adult hearts were transferred to Technovit 1800 and subsequently 10µm sections were made.
Sections were counterstained with HE.

Mapping
Bulked segregate analysis on genomic DNA of 48 pooled mutant and sibling embryos was
carried out as previously described (Michelmore et al., 1991). A panel of 8 polymorphic mi-
crosatellite markers (SSLP) per chromosome was tested on both pools and linkage was de-
termined at a single embryo level.
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Chapter 8

General Discussion
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Cardiac differentiation; from Bmp to Islet1

The size of the vertebrate heart is strictly regulated and the work described
in this thesis provides we take a closer look at the processes, which are in-
volved in this growth and how these are regulated. In particular we have in-
vestigated the dynamics of cardiac differentiation and the roles of Bmp
signaling, Fgf signaling and Islet1 signaling. Here I will discuss the implica-
tions of our findings and the complementation of the zebrafish as a model or-
ganism for the field of cardiac development.

From undifferentiated mesoderm to terminally differentiated cardiomyocyte

The differentiation process from an undifferentiated mesodermal cell to a dif-
ferentiated cardiomyocyte can be subdivided into three main steps. First, the
mesodermal cell will receive a specification signal. This allows the cell to be-
come a cardiomyocyte, but its fate is not determined yet. A factor like RA re-
stricts for instance the cardiac progenitor pool and by inhibiting RA, the
number of cardiomyocytes increases (Keegan et al., 2005). The second step
is a determination step during which the specified cells differentiates further
and can only become cardiomyocyte. Signals from the endoderm, like Bmp
and Fgf, are determination signals since they induce transcription factors like
gata4, -5 and -6 and nkx2.5. The third step in the process of cardiomyocyte
formation is terminal differentiation. In this final step the cell becomes fully
differentiated and it gains the features required for its final function (Bucking-
ham et al., 2005).
The three differentiation steps described here are strictly defined; however, it
seems that the embryo does not keep up with these differentiation steps. The
determined cardiomyocytes that express nkx2.5 and gata-4, -5 and -6 do not
all become cardiomyocyte. Furthermore, when a differentiation marker like
cmlc2 starts expression, the cardiomyocytes are not yet fully differentiated
since they lack striation and are not beating yet. What we describe in this the-
sis is that the differentiation process of the embryonic heart is a continuous
process, where some parts of the heart will be fully differentiated and some
parts are not. In chapter 4, we have seen that Bmp signaling is required over
a long period during development. During gastrulation, Bmp signaling is re-
quired for the early specification of cardiomyocytes. During segmentation this
process continuous for the specification of the atrium. However, the role of
Bmp signaling is dual since it is also required to be absent from the ventricle
for the terminal differentiation of these cardiomyocytes. How this dual role for
Bmp signaling is regulated in these cells needs to be investigated. During
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embryonic development, some cells are still specifying to be cardiomyocytes,
while other cells are already terminally differentiating. This means that some
cells require a Bmp signal, while others need to shut it down. Therefore, a
Bmp ligand will always be around, also around cells that no longer require
such a signal. An intracellular Bmp inhibitor is then required in terminally dif-
ferentiating cells. It would therefore be interesting to see where for instance
inhibitor-smad6 or -7 is expressed and what a morpholino knockdown of i-
smad6 and -7 would look like in these embryos.
It is very difficult to make a distinction between cardiac determination and ter-
minal differentiation since the process of cardiac differentiation is a continu-
ous process. Additionally, signaling pathways that are required for cardiac
determination and differentiation are often required elsewhere in the embryo
for similar processes. This makes studying these molecules difficult, since
knockdown of these molecules will result in various embryonic defects. So
far, we have identified activated Bmp signaling as a determination signal for
cardiomyocytes and the absence of Bmp signaling seems to be required for
cardiomyocyte differentiation. Further research is needed to find the factor
for terminal differentiation of cardiomyocytes.

Studying Bmp signaling in the zebrafish embryo.

Bmp signaling is widely studied in the zebrafish embryo. The zebrafish em-
bryo is very suited to study this signaling cascade since zebrafish are egg
laying and we can study Bmp signaling from the very start of development. In
chapter 4, we use several Bmp mutants to study cardiac development. We
have shown that the alk3a/alk3b double mutants do not form a heart. Fur-
thermore, we show that the laf/alk8 mutants have a severe truncation of the
venous pole of the heart.
Why do some mutants like the alk3a/alk3b double mutants develop with se-
vere cardiac malformations while other Bmp signaling mutants, like the alk8,
bmp7 and smad5 mutants, develop with only mild cardiac defects?
Zebrafish embryos contain maternally provided spliced mRNA, which can
contribute to embryo development up to mid-somite stages. Maternal contri-
bution of some genes is so prominent in the zebrafish embryo that many zy-
gotic mutants survive gastrulation. Not all genes are maternally provided. One
example is bmp2b. The mutant for bmp2b (swirl) results in severe gastrula-
tion defects where ventral structures are absent and the embryos lyses at 12
somite stage. This phenotype is so severe because Bmp2b is also required
for the onset of other Bmp ligands (Kishimoto et al., 1997). Mutants like alk8,
smad5 and bmp7 have a mild phenotype. These embryos survive gastrula-
tion and form a heart. For instance, alk8 is maternally provided. The zygotic
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mutant for alk8 has a mild gastrulation defect and a mild cardiac defect; how-
ever, the maternal-zygotic mutant has a severe gastrulation defect, similar to
the bmp2b mutant.
This maternal contribution can explain the phenotype of the alk3a/alk3b dou-
ble mutants. alk3a and alk3b are probably both maternally provided. The ma-
ternal contribution of alk3a and alk3b allows the alk3a/alk3b double mutants
to survive gastrulation, however, after a couple of ours they run out of mater-
nally provided alk3a and alk3b and Bmp signaling will be completely abro-
gated. Since Bmp signaling is required for cardiac specification, the
alk3a/alk3b double mutants have no heart.
The zygotic alk8 mutant however still forms a heart. This would mean that
other players in the bmp pathway are then redundant with this factor after
gastrulation and during cardiogenesis. We could answer the hypothesis of
redundancy by making double mutants of for instance alk8 and alk6 or alk3a
or alk3b. This is however an extensive experiment. Another explanation for
the formation of a heart tube in the alk8 mutant is that the alk8 protein or
mRNA is more stable than that of alk3a and alk3b. By using an antibody
against Alk8 and comparing protein levels at different time points during de-
velopment, we could answer the question how long the maternally provided
Alk8 protein is present in the embryo.

2 heart fields versus continuous differentiation

Over the last decade there has been a discussion about the origin of the car-
diac lineage (Moorman et al., 2007) (Buckingham et al., 2005). Labeling ex-
periments in chick and mouse embryos showed the existence of a second
pool of cardiac progenitor cells located in the pharyncheal mesoderm, giving
rise to the right ventricle, OFT and both atria. The second pool of cardiac pro-
genitor cells was referred to as the second heart field as opposed to the first
heart field giving rise to the left ventricle (Meilhac et al., 2004) (Cai et al.,
2003) (Kelly et al., 2001). Initially, isl1 was identified as a marker gene for the
second lineage; however, more recent data demonstrated that isl1 is not re-
stricted to the second lineage but is also expressed in the first lineage albeit
at an earlier stage. This has led to the discussion whether there are indeed
two separate cardiac lineages or whether this merrily reflects a continuous
differentiation process, giving rise to the left ventricle first and subsequently
grows with cardiomyocytes being added to both poles of the heart from the
splanchnic mesoderm. Results from clonal analysis in mouse embryos has
been explained by the two heart field model but could also be explained by a
continuous differentiation model with the left ventricle forming first and the ar-
terial and venous poles forming later (reviewed in (Moorman et al., 2007). La-
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beling experiments performed by Stalsberg and DeHaan in chick embryos
demonstrated a continuous addition of cardiomyocytes resulting in the elon-
gation of the heart tube (Stalsberg and DeHaan, 1969). Interestingly the ex-
pression of ventricle myosin precedes the expression of atrial myosin in chick
embryos indicating ventricle cardiomyocytes do differentiate prior to atrial car-
diomyocytes. In zebrafish, we demonstrated a similar process using a devel-
opmental timing assay that cardiomyocyte differentiation is initiated in the
ventricle and continued in the atrium (chapter 3). Furthermore, we have
demonstrated in chapter 4 that Bmp signaling is required for the specification
of all cardiomyocytes contributing to both the ventricle and the atrium. Addi-
tionally we demonstrated that prolonged Bmp signaling is required and that
an early block in Bmp signaling perturbs both ventricle and atrial specification
while a late block only affects the specification and differentiation of atrial car-
diomyocytes. Therefore, the temporal requirement for Bmp signaling in car-
diomyocyte specification is in agreement with the continuous specification
and differentiation process of cardiomyocytes. These data suggest that the
vertebrate heart grows by continuous differentiation of one heart field and a
second lineage cannot be defined as such.
However, in chapter 3 we also describe a discontinuous differentiation phase
of cardiomyocyte differentiation. This process requires Fgf signaling for the
formation of the arterial pole and has many similarities to right ventricle and
OFT development in amniotes. This process also seems a bit different from
the continuous differentiation process since we cannot influence the differ-
entiation of the discontinuous differentiation phase by abrogating Bmp sig-
naling at 24 hpf. Furthermore the timing between the differentiation of the
ventricle cells and the OFT cells that happens between 32-48 hpf shows a
gap in differentiation. So if there is such a thing as a second heart field, the
discontinuous differentiation process at the arterial pole can be considered as
the second heart field.

The function of Isl1 in cardiac differentiation in zebrafish

In mouse embryos, Islet1 is required for the formation of the second heart
field. When Isl1 is knocked out, these embryos lack parts of their atria, the
right ventricle and the OFT (Cai et al., 2003). In zebrafish, this function is not
so significant. Mutant embryos for Isl1 lack only few cardiomyocytes at the ve-
nous pole of the heart and the arterial pole is completely normal. However,
these embryos have severe arrhythmia and frequent stops in the heart beat.
We have seen in chapter 5 and 6 that Isl1 is expressed in the sino-atrial node.
However, when the heart is truncated by any other defect, like abrogation of
Bmp signaling, we could not find the same phenotype as observed in the
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isl1k88x-/- embryos.
Therefore, we ask the question whether Isl1 has a direct role in the formation
of the SAN, or an indirect role, by a requirement of the distal most cardiomy-
ocytes at the venous pole of the heart that make up the SAN. From our data
in chapter 3, we concluded that the venous pole of the heart in isl1k88x-/- em-
bryos was smaller compared to wild type embryos. We found a decrease of
10 cardiomyocytes in the isl1k88x-/- embryos using a developmental timing
assay compared to wild type embryos. This technique uses the difference in
fluorescent maturation time between GFP and DsRed resulting in a differ-
ence in fluorescence of ‘old cardiomyocytes’ vs. ‘new cardiomyocytes’. The
10 cardiomyocytes that are not present in the pool of newly formed car-
diomyocytes in isl1k88x-/- embryos is a low number, however in the develop-
mental timing assay, the wild type embryos show an addition of approximately
25 cardiomyocytes, therefore a reduction of 10 cardiomyocytes can be found
in this assay. In this assay we found that the pool of ‘old cardiomyocytes’ is
not altered. However, an increase of 10 cardiomyocytes would not be found
in a pool of 200 cardiomyocytes, which makes up the pool of ‘old cardiomy-
ocytes’.
In amniotes, Isl1 is required to keep the cardiac progenitor cells in a progen-
itor state to allow these cells to proliferate and subsequently to let the heart
grow sufficiently. Therefore, by abrogating Isl1, these cells differentiate too
early and the heart truncates (Cai et al., 2003). Since zebrafish has a two
chambered heart, it is possible that proliferation does not play such an im-
portant role in expansion of the second heart field and therefore abrogating
Isl1 does not show such a marked decrease in cardiac cell number. It does
however explain the phenotype observed in the developmental timing assay.
When Isl1 is required to keep these cells in a progenitor state and this process
is absent in the isl1k88x-/- embryos, the cardiac progenitors would differentiate
too early. This would mean that the pool of ‘old cardiomyocytes’ is a bit larger
and the pool of ‘new cardiomyocytes’ is a bit smaller. The number of ‘old car-
diomyocytes’ is however so large that an increase of 10 cardiomyocytes can-
not result in a significant difference.
It is therefore more likely that the function of Isl1 in the formation of arrhyth-
mias in isl1k88x-/- embryos is due to a specific role for Isl1 in the formation of
the SAN.

Taken together, we have shown that the zebrafish heart grows by two sepa-
rate differentiation phases. The first continuous differentiation phase occurs
from the ventricle to the atrium and requires Bmp signaling. The second dis-
continuous differentiation phase requires Fgf signaling. The latter phase re-
sembles the second heart field best. Furthermore, Isl1 is a marker for the
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sino-atrial node and is required for its proper function. The sino-atrial node will
form from the distal most cardiomyocytes at the venous pole of the heart, re-
gardless of the size of the venous pole. Isl1 has probably no function in car-
diomyocyte differentiation at the venous pole of the zebrafish heart unlike its
function in amniotes.
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Nederlandse samenvatting

Het hart

Het hart staat aan de basis van de bloedcirculatie van mens en dier. De
bloedcirculatie is van essentieel belang om het lichaam van zuurstof en
voedingstoffen te voorzien. Als het hart niet goed ontwikkeld kan het bloed
ook niet goed door het lichaam gepompt worden en ontstaat er een zuurstof
tekort in verschillende delen van het lichaam. In dit proefschrift wordt de
eerste ontwikkeling van het hart beschreven. Als model organisme voor de
ontwikkeling in het hart is hier de zebravis gekozen. Zebravissen bevruchten
de eicel buiten de moeder en vanaf het eerste moment van ontwikkeling kan
de zebravis dus bestudeerd worden. De zebravis is tijdens de ontwikkeling
ook transparant en zo kan ook de ontwikkeling van organen op de voet
gevolgd worden. Het hart van zebravissen bestaat uit twee kamers, een
kamer (atrium) waar het bloed in verzameld wordt en een boezem (ventrikel)
dat het bloed wegpompt.

De eerste ontwikkeling

De ontwikkeling van mens en dier begint als een eicel en een spermacel fu-
seren en een zygote ontstaat (bevruchte eicel). Uit deze cel ontstaat het hele
lichaam en deze cel is dus in staat om alle cel typen van het lichaam te wor-
den. Het vormen van de verschillende cel typen wordt differentiatie genoemd
en de differentiatie van cellen gebeurt in verschillende stappen. Tijdens de
eerste stap wordt bepaald dat een groep cellen het mesoderm vormt, dit zijn
de botten, de spieren, de bloedvaten en de organen behalve het spijsverte-
ring kanaal (endoderm). Het hart wordt gevormd uit het mesoderm, maar niet
alle mesoderm cellen worden hart cellen. Tijdens de ontwikkeling zijn er sig-
nalen in het mesoderm zelf en van omliggend weefsel, zoals het endoderm,
die bepalen welke mesoderm cellen het hart gaan vormen. Een gedetail-
leerde beschrijving van de ontwikkeling van het hart is beschreven in de al-
gemene inleiding, hoofdstuk 1.

Signalen uit de cel

De signalen die bepalen welke cellen ook hartcellen worden, zijn eiwitten die
de cel uit gestuurd worden. Eiwitten worden in cellen gemaakt en de code
voor deze eiwitten ligt vast in het DNA van een cel. Iedere cel heeft in prin-
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cipe hetzelfde DNAomdat het DNAafstamt van de eerste bevruchte eicel. Het
verschil tussen cellen wordt dan ook bepaald door de eiwitten die een cel
produceert en niet door het DNA. Zowel de eicel als de spermacel heeft een
pakket DNAwat vrijwel identiek is. Iedere cel in het lichaam heeft dan ook het-
zelfde DNAen het DNAper cel is er twee keer, een keer van de vader en een
keer van de moeder.

Op zoek naar nieuwe signalen voor de groei van het hart

Om erachter te komen welke eiwitten belangrijk zijn voor de groei van het
hart hebben we een genetische screen gedaan. Dit houdt in dat het DNA van
zebravissen gemuteerd wordt. Hierdoor zullen de eiwitten die geproduceerd
worden ook veranderen of zelfs helemaal niet meer afgeschreven worden.
Omdat het DNA er in iedere cel twee keer is, is een mutatie in een van de
twee pakketten dus niet zo erg, er is altijd een tweede kopie. Als echter zowel
de vader als de moeder dezelfde mutatie hebben, heeft een deel van het na-
geslacht de mutatie twee keer en wordt een eiwit dus uitgeschakeld. Dit re-
sulteert in een defect in het embryo wat een fenotype wordt genoemd. In de
genetische screen zijn we opzoek gegaan naar defecten in de groei van het
hart en door de oorspronkelijke mutatie in het DNA dan weer op te sporen
kunnen we eiwitten identificeren die belangrijk zijn voor de ontwikkeling van
het hart. De resultaten van de genetische screen staan beschreven in hoofd-
stuk 2. In de genetische screen hebben we mutanten gevonden met een ver-
groot hart en mutanten met een kleiner hart. In vervolgonderzoek moet
duidelijk worden welke eiwitten er in deze mutanten uitgeschakeld zijn.

De eerste groei van het hart en hoe werkt dat nou echt…

In dit proefschrift wordt dieper in gegaan op de groei van het hart. Ieder hart
van een bepaald organisme (bijv. zebravissen) is ongeveer even groot. Het
is dus belangrijk dat de groei van het hart heel strikt gereguleerd is. Er zijn drie
manieren waarop het hart kan groeien. De eerste manier om het hart te laten
groeien is om de al bestaande hartcellen te laten delen. Tijdens de tweede
dag van de ontwikkeling van de zebravis deelt het hart echter nauwelijks,
hoewel het aantal cellen van het hart toch sterk groeit. De tweede manier om
het hart te laten groeien is door nog niet gedifferentieerde cellen te laten dif-
ferentiëren tot hartcellen. Dit gebeurt tijdens de tweede dag van de ontwik-
keling van de zebravis en is in meer detail beschreven in hoofdstuk 3 en 4.
In deze hoofdstukken is beschreven dat het zebravis hart op de tweede dag
van ontwikkeling aan beide zijden van het hart groeit. Zowel het atrium als het
ventrikel worden groter. In hoofdstuk 3 laten we zien dat er een continue groei
van het hart is waarbij het ventrikel het eerst gevormd wordt en het atrium
als tweede wordt gevormd. De eerste groei van het hart (ventrikel naar atrium)
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is dus tegen gesteld aan de bloedsomloop die van atrium naar ventrikel loopt.
De continue (eerste) groei van het hart is afhankelijk van Bmp signalering be-
schreven in hoofdstuk 4 en het einde van het atrium wordt gevormd door
Islet1. Dan stopt deze groei en gaat de tweede groei aan de kant van het
ventrikel verder. Deze groei noemen we discontinue groei. De discontinue
groei is afhankelijk van het eiwit Fgf.
De derde manier om het hart te laten groeien is door cellen zelf groter te laten
worden, hier wordt in dit proefschrift niet verderop ingegaan.

Wat is er nodig voor gangmaker cellen

Hoofdstuk 5 laat een gedetailleerde beschrijving zien van de plaatsen waar
islet1 wordt geproduceerd in het hart. Islet1 wordt geproduceerd in de laatste
cellen van het atrium. Hier komen later tijdens de ontwikkeling de gangmaker
cellen van het hart. Deze cellen zorgen ervoor dat het hart blijft kloppen in het
juiste ritme. Ook laten we zien dat Islet1 nog wordt geproduceerd in het vol-
wassen hart, lang nadat het hart is gevormd.
In hoofdstuk 6 laten we zien dat de gangmaker cellen altijd aan het eind van
het atrium worden geplaatst, dus waar het bloed het eerste het hart instroomt.
Dit zorgt ervoor dat de hele kamer goed kan samentrekken en dat het bloed
dus uit de hele kamer wordt geperst. Ongeacht het aantal cellen dat het hart
heeft komen de gangmaker cellen altijd aan het eind van het atrium terecht.

Op zoek naar nieuwe signalen voor hart- en vaatziekten

De meeste hart- en vaat ziekten bij de mens ontstaan op latere leeftijd, lang
nadat het hart gevormd is. Sommigen van deze ziekten zijn ook erfelijk over-
draagbaar en er zit dus een mutatie in het DNA. Deze mutatie heeft geen ef-
fect bij de ontwikkeling van het hart omdat in eerste instantie het hart normaal
gevormd wordt. Tijdens het volwassen leven speelt deze mutatie wel een rol
om het hart gezond te houden. Om te onderzoeken welke eiwitten een rol
spelen bij deze ziekte processen hebben we een genetische screen gedaan
zoals beschreven in hoofdstuk 2, maar hebben we de fenotypes niet ge-
ïdentificeerd tijdens de ontwikkeling, maar hebben we de vissen op laten
groeien tot een volwassen leeftijd om de ziekte processen bij de mens beter
na te bootsen. De resultaten van deze genetische screen staan beschreven
in hoofdstuk 7. We hebben tijdens deze screen voornamelijk mutanten ge-
vonden die een vergroot hart hadden waarbij het atrium het meest vergroot
is. Dit fenotype komt overeen met een bepaald soort ziektebeeld bij mensen
waarbij het ventrikel niet zo goed meer kan ontspannen. Dan kan het bloed
niet efficiënt worden weggepompt en ontstaat er een te hoge druk op de wand
van het atrium waardoor deze vergroot. Verder onderzoek is nodig om te ach-
terhalen welk eiwit beschadigd is door deze mutatie.
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