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Abstract  

Despite its lack of septation, the tissue patterning of the arterial pole of the 

zebrafish is remarkably similar to the patterning of pulmonary and aortic arterial poles 

observed in mouse and chick.  The secondary heart field (SHF) is a conserved 

developmental domain in avian and mammalian embryos that contributes myocardium 

and smooth muscle to the cardiac arterial pole.  This field is part of the overall heart field, 

and its myocardial component has been fate mapped from the mesoderm to the heart in 

both mammals and birds.  In this study I demonstrate that the population that gives rise to 

the arterial pole of the zebrafish can be traced from the epiblast, is a discrete part of the 

mesodermal heart field.  This zebrafish SHF contributes myocardium after initial heart 

tube formation, giving rise to both smooth muscle and myocardium. I show that this field 

expresses Isl1, a transcription factor associated with the SHF in other species.  I further 

show that differentiation, induced by Bmp signaling, occurs in this progenitor population 

as cells are added to the heart tube.  Some molecular pathways required for SHF 

development in birds and mammals are conserved in teleosts, as Nkx2.5 and Nkx2.7 as 

well as Fgf8 regulate Bmp signaling in the zebrafish heart fields.  Additionally, the 

transcription factor Tbx1 and the Sonic hedgehog pathway are necessary for normal 

development of the zebrafish arterial pole. 
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Chapter 1:  Introduction 

The significance of cardiac arterial pole development 

 The cardiac arterial pole consists of the myocardium surrounding the semilunar 

valves and the smooth muscle cranial to them, at the junction between the ventricles and 

the great arteries.  These two morphologically distinct tissues are derived from common 

progenitors (Hutson and Kirby, 2003; Hutson et al., 2010) and the proper assembly of 

these structures at the base of the aorta and pulmonary artery is critical from a public 

health perspective.  Congenital heart defects occur in almost 1% of live births, making 

these the most common major birth defects.  15% of these cases involve arterial pole 

malformations, known as conotruncal defects, which often require extensive surgery and 

are a lifelong health burden (Ferencz, 1990; Lurie et al., 1995).  Most of the progress in 

understanding these defects has been made in animal models with divided circulation; 

namely birds and mammals (Hutson and Kirby, 2007).  More recently, valuable insights 

have been gained through Xenopus, despite its single ventricle (Kaltenbrun et al., 2011).  

In the last two decades, zebrafish has also been used to further our knowledge of 

embryonic cardiac development.  The two chambered heart has helped us move closer to 

fully understanding chamber formation (Bakkers, 2011) and toxicologically derived 

phenotypes (Heideman et al., 2005), as well as fully functional adult cardiac regeneration, 

which does not occur in adult mammals and birds without significant scarring of the 

myocardial tissue (Poss, 2007).  This study explores the value of this aquatic, two cardiac 

chambered model for analyzing arterial pole morphology and development, and uncovers 

some of the differences in heart field behavior that a simpler heart requires. 
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Zebrafish embryonic development 

 I will briefly consider the early development of the model at hand.  Zebrafish are 

teleosts, which are among the ray-finned bony fish.  Danio rerio is an egg-laying, fresh 

water species (Nüsslein-Volhard and Dahm, 2002).  The zygote consists of an animal cell 

and a larger yolk cell, surrounded by a protective sheath known as a chorion.  The single 

animal cell multiplies rapidly, with maternal transcripts driving development until around 

2.5 hours post fertilization (hpf), when zygotic transcription begins at the 512-cell stage.  

The continued division of the animal cell gives rise to a yolk syncytial layer (YSL), and a 

blastoderm that includes both the deep cells that give rise to the embryonic germ layers 

and an enveloping layer (EVL).  As the zygotic cells continue to multiply, the marginal 

blastomeres remain in contact with the yolk and form the YSL.  Over the course of 

development, the zebrafish embryo encompasses and consumes the yolk (Nüsslein-

Volhard and Dahm, 2002).  The YSL continues to encompass the yolk until it is 

consumed, and assists in regulating embryonic development and metabolism.   The EVL 

forms a protective monolayer of cells over the rest of the blastoderm and remains in 

contact with the YSL at the edges of the blastoderm until late stages of epiboly, during 

which the embryo internalizes the yolk, and forms the periderm that is ultimately 

replaced by the outermost layer of the epidermis during larval development (Carvalho 

and Heisenberg, 2010). 

 The germ layers that give rise to the zebrafish develop out of the deep cells of the 

blastoderm, a layer of cells that expand vegetally over the yolk during epiboly.  The cells 

of the blastoderm spread across the yolk by radially intercalating and dividing from 4 hpf 
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onwards.  As this process proceeds, cells at the edge of the blastoderm ingress under the 

rest of the blastoderm, starting at 50% epiboly at 5.25 hpf.  At this time, a thickening of 

the marginal zone of the blastoderm forms the embryonic shield, which acts as an 

organizer for dorsal development of the embryo.  The shield secretes signaling factors 

that inhibit ventral fates in dorsally located cells, creating a gradient of dorsal versus 

ventral factors across the dorsoventral axis of the embryo.  The gastrulating cells move 

under the outer blastoderm dorsally towards the shield, and migrate towards the animal 

pole forming the mesendodermal hypoblast (Shinya et al., 1999).  The remaining outer 

blastoderm becomes the ectodermal epiblast and continues to epibolize over the yolk 

(Fig. 1).  The midline of the embryo forms by convergent extension of cells towards the 

shield during and after gastrulation (Helde et al., 1994; Kimmel et al., 1990).  

Gastrulating cells continue massing to the dorsal end of the embryo, contributing to the 

convergent extension at the embryonic midline.  The epiblast converges on the dorsal 

axis as a sheet at around this time, resulting in an ectoderm overlying the mesendoderm.  

Midline structures, starting with the formation of the notochord and followed by 

somitogenesis, begin at 9 hpf, while gastrulation is completed by 10 hpf (Nüsslein-

Volhard and Dahm, 2002). 
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Figure 1.  Gastrulation in the zebrafish embryo. 

The diagram shows a 50% epiboly embryo, with dorsal to the right.  The 
mesendoderm (yellow) and the exclusive mesoderm (green) precursors ingress under the 
future ectoderm as epiboly and gastrulation progress.  The movement of gastrulating cells 
is shown by the red arrow. The movement of cells forming the midline structures of the 
embryo from the dorsal shield is shown by the blue arrow.  The ectoderm (grey) does not 
ingress and covers the entire embryo as epiboly is completed.  There is signaling to the 
epioblast from the yolk syncytial layer (YSL), shown by the black arrows.  Adapted with 
permission, from Bottcher and Niehrs (2005), doi:10.1210/er.2003-0040.  Copyright 
2005, The Endocrine Society. 

 

Gastrulation in chick and mouse 

 In chick, the story is somewhat different.  The embryo is much smaller relative to 

the yolk, which necessitates a more planar embryo.  The early chick embryo consists of a 

flat layer of cells, known as the blastodisc or blastoderm, with a translucent area pellucida 

in the center and a thicker area opaca around it.  The tissues of the embryo develop into 

an epiblast and a hypoblast.  The epiblast is the layer that will give rise to the embryo, 

and is located on top of the hypoblast relative to the large yolk cell.  The hypoblast is 

formed from cells at the junction of the area opaca and the area pellucida, as well as cells 

dropping from the epiblast to form islands that eventually coalesce into a tissue layer 

(Smith and Schoenwolf, 1998).  The primitive streak originates with a thickening of the 
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epiblast brought about by convergence of cells at the posterior edge of the epiblast.  

During gastrulation, cells move under the epiblast through the primitive streak as the 

streak extends across the embryo to the anterior end of the epiblast (Chuai and Weijer, 

2009).  Cells ingressing through the primitive streak will form the mesoderm and 

endoderm of the embryo.  The hypoblast is known to direct the formation and extension 

of the primitive streak.  The remaining epiblast forms the ectoderm, while the endoderm 

replaces the hypoblast, and the mesoderm fills in the space in between these two layers.  

As the primitive steak reaches its anterior extreme, a thickening of cells at the anterior 

end forms a primitive knot, also known as Henson’s node.  This organizer then moves 

back along the primitive streak to the posterior end of the epiblast (Boettger et al., 2001).  

The cardiac progenitors ingress through a groove in the primitive streak that is just 

posterior to Henson’s node, and invade the space between the endoderm and ectoderm to 

become part of the lateral plate mesoderm as Hensen’s node moves posteriorly (Garcia-

Martinez and Schoenwolf, 1993; Lopez-Sanchez et al., 2002).  Cells from Henson’s node 

form the notochord and the somites as the node migrates (Stern and Canning, 1990; Stern 

et al., 1990). 

 The organizer is important for the process of folding the neural plate in the 

ectoderm into the neural tube, known as neurulation.  As Henson’s node moves towards 

the caudal end of the epiblast, ridges are formed on the lateral edges of the neural plate on 

either side of the midline, which fuse from the cranial to the caudal ends of the embryo.  

Neurulation is initiated by a crescent shaped fold in the ectoderm anterior to the neural 

plate, known as the head fold.  This head fold drives of head formation, which begins 
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with neurulation, and is essential for normal gut and cardiac development as well 

(Schoenwolf and Smith, 2000a; Schoenwolf and Smith, 2000b).  The formation of the 

head fold is driven by the ectoderm itself, which is able to fold when isolated and 

cultured.  A combination of cell wedging at the anterior end of the ectoderm and 

convergent extension of ectodermal cells allows the ectoderm to push the ventral 

movement of head precursors (Varner et al., 2010). 

 Although the general process of embryogenesis is similar in mouse, the layout of 

a mammalian embryo is considerably different.  The single cell zygote proliferates to 

form a solid ball of cells, known as the morula.  After more rounds of proliferation, a 

layer of primitive endoderm slowly grows around the future mouse embryo, which is 

referred to as the epiblast.  This whole structure is called a blastocyst, including the 

trophectoderm that covers both the epiblast and the primitive endoderm and contributes 

to the placenta.  This blastocyst is then implanted in the uterine wall from which it 

derives its nourishment after the placenta is formed.  By 6 days post fertilization (dpf), 

the mouse epiblast forms as a hollow cylindrical structure containing a proamniotic 

cavity.  This cavity in the cone-like embryonic structure is continuous with the internal 

cavity of the cone-like extraembryonic ectoderm, which develops out of the 

trophectoderm.  At 6.5 dpf, a primitive streak forms on the posterior edge of the epiblast.  

Cells start moving through this streak from the inside of the epiblast cone, and wrap 

around the epiblast to form the embryonic mesoderm and endoderm, as shown in Fig. 2 

(Nowotschin and Hadjantonakis, 2010).  This is in contrast to the chick and zebrafish, in 

which the mesendodermal precursors gastrulate internally.  Cells that give rise to the 
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endoderm move through and around the mesoderm, while the remaining epiblast goes on 

to form the ectoderm (Bottcher and Niehrs, 2005).  Over the next three days, the 

embryonic endoderm rolls up to form a gut.  This tube internalizes into the developing 

body.  The surface ectoderm engulfs the endoderm and mesoderm, while the head fold 

forms within the proamniotic cavity to create a more recognizable embryo. (Beddington 

et al., 1989; Gardner and Rossant, 1979; Lawson et al., 1991). 

 

Figure 2.  Gastrulation in chick and mouse embryos. 

(A) A cross-section of a chick embryo during gastrulation at around HH 4-5.  HH 
designates Hamburger-Hamilton stages of development in chick (Hamburger and 
Hamilton, 1992).  (B) A mouse embryo during gastrulation excluding extraembryonic 
tissue at around 6.5 dpf.  Gastrulating mesendodermal cells are shown as green cells, 
while the movement of gastrulating cells is shown by red arrows.  Organizing nodes are 
shown as grey circles.  Hn: Hensen’s node.  Adapted with permission, from Bottcher and 
Niehrs (2005), doi:10.1210/er.2003-0040.  Copyright 2005, The Endocrine Society. 

 

Cardiac development in animals with a divided circulatory system 

 In chick and mouse, cardiac progenitors have been traced from the epiblast to the 

heart, giving us a detailed account of how these cells gastrulate into the mesoderm to later 

form the heart.  Previous fate mapping in the chick epiblast has established that the 
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cranial to caudal organization of cardiac progenitors before gastrulation corresponds to a 

cranial to caudal organization of the resulting myocardial descendants (Garcia-Martinez 

and Schoenwolf, 1993; Lopez-Sanchez et al., 2002), while in mouse this colinearity has 

not yet been established (Yang et al., 2002).  In both chick and mouse, cardiac 

progenitors are organized bilaterally in the epiblast on either side of the primitive streak 

(Hatada and Stern, 1994; Tam et al., 1997).  The cranially located arterial pole 

progenitors ingress through the primitive streak earlier than the more caudal venous pole 

progenitor cells (Chuai and Weijer, 2009; Cui et al., 2005).  After gastrulation, the 

mesodermal cardiac progenitors move laterally and cranially to reorganize into two 

bilateral fields in the anterior lateral plate mesoderm (ALPM).  The cardiac progenitors 

reorganize at a 90o angle to the midline, with the most posterior progenitors moving 

laterally.  In the ALPM, the arterial pole progenitors are located medially and venous 

pole progenitors located laterally (Abu-Issa and Kirby, 2008; Abu-Issa et al., 2004), as 

shown in Fig. 3.  While the general process of cardiogenic progenitor gastrulation has 

been observed in mouse, the orientation of cranial versus caudal progenitors is yet to be 

established (Tam et al., 1997). 

 Expression patterns of various cardiogenic factors in chick originally suggested a 

single crescent of progenitors extending across the midline cranial to the prechordal plate 

(Dehaan, 1963; Rosenquist, 1970; Schultheiss et al., 1995).  This idea has been refuted in 

chick based on fate-mapping studies and a better understanding of the distinction between 

mesodermal and endodermal expression of these cardiogenic factors (Colas and 

Schoenwolf, 2001; Stalsberg and DeHaan, 1969).  The two fields do not remain static 
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during development.  They move towards the midline and fold together to form a trough 

that is open dorsally.  The heart tube forms when the trough closes dorsally.  In mouse, 

the cardiac progenitors are organized in a crescent that forms a tube through the fusion of 

its lateral edges within 12 hours.  This difference reflects the highly curved structure of 

the mouse embryo during heart tube formation.  The movement of these lateral edges 

mirrors the behavior of the two separate fields in chick (Watanabe and Buckingham, 

2010).  In both cases, head and foregut formation make the cardiogenic environment 

highly physically dynamic, thus enabling this fusion. 

 As cardiogenesis proceeds in chick, the mesodermal heart fields eventually fuse at 

the ventral midline to form a heart tube lacking septation and distinct chambers.  In order 

to achieve a tube from two planar fields, the fields must fold while converging (Arguello 

et al., 1975).  The fields are located in the splanchnic mesoderm, which is the inner layer 

of the ALPM that forms internal organs and does not become the body wall, unlike the 

somatic mesoderm.  The splanchnic mesoderm is between the endoderm that forms the 

foregut, and the pericardial coelom which separates the splanchnic from the somatic 

mesoderm (Karner et al., 2000).  Separate from the ectodermally driven head fold, a 

major force that is acting on the cardiogenic mesoderm comes from the ventral pull of the 

endoderm.   Indeed, the removal of foregut endoderm in chick prior to heart field fusion 

causes cardiac development to proceed in separate lateral regions, without fusion into a 

proper heart tube (Withington et al., 2001).  The anterior intestinal portal is the caudal 

extent of the developing foregut.  As the anterior intestinal portal folds the endoderm by 

moving caudally to form the foregut pocket in chick, the pericardial coelom expands and 



 
 

10 
 

the heart fields undergo a 120o rotation with the medial edges moving cranially.  The 

most cranial portions of the mesodermal heart fields in the ALPM are thus forced to the 

midline to become the outer curvature (Fig. 3).  The progenitors of the outer curvature of 

the future heart tube are the first to fuse.  These progenitors form the ventral-most cells of 

the trough like structure that will become a tube.  The fusion of the heart fields results in 

a cranial to caudal organization of progeny of previously mediolaterally organized 

progenitors (Abu-Issa and Kirby, 2008, Fig. 3).  The heart bends ventrally, while still 

attached to the foregut along its entire length by the dorsal mesocardium, which is 

derived from the splanchnic mesoderm (Mommersteeg et al., 2010). 

 While still attached to the ventral foregut, the heart rotates to the right.  This 

rotation is due to the greater force exerted by the left omphalomesenteric vein, located at 

the venous pole, relative to the right omphalomesenteric vein, resulting in the 

ventralization of the left side of the heart tube as demonstrated by morphological studies 

in chick.  This force is driven by cytoskeletal tension exerted by the omphalomesenteric 

veins (Anderson et al., 2006; Voronov et al., 2004). Once the dorsal mesocardium breaks 

down, the heart tube is free to move within the constraints of the poles inside the 

pericardial cavity.  The chick heart will go from a C-shaped loop to an S-shaped loop as 

cells are added to the poles, and the heart tube grows in length.  In mice, looping 

progresses far more quickly with limited C-shaped looping due to the compact nature of 

the embryo relative to the planar chick embryo (Watanabe and Buckingham, 2010). 
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 Figure 3.  A summary of early cardiac development in chick.   

 This diagram shows the formation of the heart with respect to the positions of the 
progenitors of the structures identified in the diagram.  HH designates Hamburger-
Hamilton stages of development in chick (Hamburger and Hamilton, 1992).  Blue 
represents parts of the future atria and most of the left ventricle, while red represents the 
future arterial pole and right ventricle and parts of the atria both during (HH5, in the 
primitive streak) and after (HH7, in the ALPM) gastrulation.  Gastrulation of cardiac 
progenitors takes place between HH5 and HH7 and fusion begins at HH8.  Black stars 
represent the outer curvature of the heart tube.  The progenitors of the outer curvature 
lead the fusion of the heart fields into a trough.  The tube is formed by fusion of the back 
of the trough starting at HH11. The fusion of the heart tube is shown in a ventral view, 
with cranial to the top.  RV, Right ventricle; LV, Left ventricle; A, atrium; OFT, Outflow 
tract (arterial pole). Reproduced with permission, from Abu-Issa and Kirby (2008), 
doi:10.1016/j.ydbio.2008.04.014.  Copyright 2008, Elsevier. 
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In chick, the cardiomyocytes in the heart tube that have undergone early 

differentiation typically do not proliferate while the heart tube continues to elongate 

during early embryonic development (van den Berg et al., 2009).  Thus, elongation of the 

tube is accomplished by continuous addition of cells from a progenitor population that 

allows the developing heart to loop and complete the formation of cardiac chambers 

(Arguello et al., 1975; de la Cruz et al., 1977).  This requires that parts of the heart fields 

be held back from early differentiation.  Such undifferentiated progenitors of the heart 

field can continue to proliferate while cardiogenesis continues.  The portion of the heart 

field that gives rise to the initial heart tube has been called the first heart field while the 

second heart field consists of the cells added later (Abu-Issa and Kirby, 2008; 

Buckingham et al., 2005). 

 In mouse these two populations of cardiac progenitors have been identified as 

spatially and molecularly distinct progenitors of the heart.  The outflow tract and right 

ventricle were initially identified as a distinct developmental subfield within the heart 

fields based on the expression of Fgf10.  This part of the developing heart has been 

referred to as the anterior heart field (Kelly et al., 2001).  The anterior heart field 

represents a subset of the second heart field.  The second heart field was identified based 

on the expression of Islet1, which encompasses the outflow, right ventricle and parts of 

the atria as the heart tube loops in the mouse.  This population is not present in the early 

heart tube and remains undifferentiated until addition to the heart tube (Cai et al., 2003).  

The cells in the second heart field differentiate as they are added to the heart tube to give 

rise to the structures of the heart tube derived from Islet1-Cre expressing progenitors.  
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Normal progression of heart tube elongation during looping cannot occur without these 

progenitors (Buckingham et al., 2005).   

 This is accompanied by continued addition of cells to the poles in a manner that 

forces the poles to converge.  As the arterial pole forms and is brought into proximity 

with the atrioventricular canal, the outflow tract shortens by apoptosis in the truncus 

arteriosus (Watanabe et al., 1998; Watanabe et al., 2001).  After septation of the arterial 

pole is completed, the resulting aorta is wedged towards the atrioventricular canal, to 

produce a configuration with the aorta surrounded by the atrioventricular valves and the 

pulmonary artery (Bouman et al., 1997; Kirby and Waldo, 1995). 

 While the heart tube is extending, the common atrium expands towards the right.  

The primary atrial septum forms from splanchnic mesoderm coming in from the venous 

pole.  The leading edge of this structure is formed from the spina vestibuli that is partially 

derived from the mesenchyme from the dorsal mesocardium, but also from the 

endocardium by epithelial-to-mesenchymal transformation.  The endocardium consists of 

a single layer of squamous cells that line the lumen of the heart from early heart tube 

formation onwards.  Individual cells emerge from this layer into the extracellular matrix 

secreted by the myocardium between the endocardium and myocardium to form cushion 

tissue, from which parts of the septa and valves are derived.  The atrial septum fuses with 

the endocardially derived cushion tissue of the atrioventricular canal, and the left and 

right ventricles align with this septum as they grow in size (Dalgleish, 1976; Kim et al., 

2001; Mommersteeg et al., 2006).  As the ventricles expand, they balloon out from the 

outer curvature during looping, with myocardial protrusions within the ventricles, known 
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as trabeculae, forming in the outer curvature.  A myocardial structure known as the 

interventricular septum produces a muscular septum between the right and left ventricles, 

as the ventricles expand.  The muscular septum completes septation by fusing with the 

outflow septum  (Van Mierop and Kutsche, 1985).  Thus, a four chambered heart is 

formed. 

Cardiac development in fish 

 As in the mouse and chick, the zebrafish heart starts out with bilateral progenitor 

pools on either side of the blastoderm stage embryo.  Atrial and ventricular precursors are 

organized in partially overlapping zones before gastrulation in the lateral marginal zone 

(LMZ) of the blastoderm.  The atrial progenitors are located ventrally, being further away 

from the developing embryonic shield during epiboly, and farther from the ingressing 

LMZ relative to ventricular progenitors, which ultimately defines the order of 

gastrulation as shown in Fig. 4 (Keegan et al., 2004).  These progenitors gastrulate as 

described above, and align on either side of the midline to form bilateral heart fields in 

the anterior lateral plate mesoderm (ALPM).  Ventricular progenitors are located 

medially relative to atrial progenitors within these fields.  In this sense, the organization 

of cardiac progenitors seen in the zebrafish blastula and in the mesodermal heart fields 

mirrors that observed in chick and mouse (Schoenebeck et al., 2007).  Between 14 and 20 

hpf, these two fields move towards one another, with the cardiogenic cells that will form 

the heart early on differentiating as they move to the midline.  These differentiating cells 

initially move directly to the midline, but transition to angular movements at the cranial 

and caudal edges of the heart fields (Holtzman et al., 2007). The fusion occurs around the 
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endocardium, which fused at the midline prior to the myocardium after migrating from 

the ALPM (Lawson and Weinstein, 2002; Mitchell et al., 2010).  The presence of an 

endocardial tube prior to the formation of a myocardial tube in zebrafish (Bussmann et 

al., 2007) is broadly consistent with the formation of bilateral endocardial tubes in mouse 

and chick that fuse to form a single tube at the midline as the myocardial trough forms 

around it (Kaufman and Navaratnam, 1981; Viragh et al., 1989). 

 

Figure 4.  A summary of early cardiac development in zebrafish. 

  (A) The location of cardiac precursors in the LMZ at 40% epiboly.  As in Fig. 1, 
the formation of the heart is described relative to the position of the ventricular (red) and 
atrial (blue) precursors, with lateral views, dorsal towards the right, at (B) 40% epiboly, 
(C) shield, (D) 70% epiboly, (E) 85% epiboly and (F) tailbud stages.  Dorsal views, 
anterior towards the top, showing heart fields within the ALPM at (G) 5 somites, (H) 15 
somites and (I) in the cardiac cone at 22 somites.  Reproduced with permission, from 
Keegan et al (2004), doi:10.1242/dev.01185. 
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 The fusion of these fields gives rise to a cardiac cone, with the atrial 

cardiomyocytes on the wider, caudal edge of the cone (Fig. 4).  The right-posterior side 

of this cone then involutes asymmetrically to form the ventral floor of the early heart tube 

and to allow the leftward jogging and elongation that is observed in the heart after 22 hpf 

(Rohr et al., 2008).  The cone elongates to form a tube that ultimately forms the two 

constituent chambers, the ventricle and the atrium.  The chambers originate from bulges 

induced by the interaction between the contractility of the cardiomyocytes and the force 

exerted by blood circulation.  The resulting pressure enlarges cells that form the outer 

curvatures of the chambers.  The patterning of the chambers becomes molecularly 

distinct at cone formation (Rohr et al., 2008), and the morphology of the chambers can be 

identified as separate units due to the difference in cell shape of the inner and outer 

curvature of the chambers by 24 hpf (Auman et al., 2007).  

 The atrium and ventricle pump deoxygenated blood to the gills through the 

ventral aorta and gill arch arteries.  Oxygenated blood circulates from the gills through 

the dorsal aorta to the rest of the body.  Then this blood returns to the atrium via the axial 

vein (Stainier et al., 1993; Nüsslein-Volhard and Dahm, 2002).  The pressure from the 

ventricle is high relative to what the gills can withstand.  A smooth muscle sac at the 

arterial pole, known as the bulbus arteriosus, reduces the pressure by absorbing the force 

from the pumped blood (Albrecht et al., 2003; Santer, 1985).  There has been speculation 

of the bulbus arteriosus forming an independent chamber, with reports of myocardial 

markers being observed in this “chamber” (Hu et al., 2000).  However, the identity of the 

bulbus arteriosus has been established as homologous to the base of the great arteries in 
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mammals and birds, consisting of smooth muscle only (Grimes et al., 2006; Miao et al., 

2007).  A possible chamber identity has not been assigned to the sinus venosus, caudal to 

the atrium.  No myocardium, or any other active muscle type, has been reported in the 

sinus venosus. 

 As is obvious, the lack of septation in the zebrafish heart necessitates a simpler 

process of cardiac formation.  Fewer chambers would suggest that the zebrafish would 

not require the varying populations that are observed within the heart fields of mouse and 

chick.  I will briefly explain the distinctions between these distinct populations, and then 

show why the definitions of these progenitors are relevant to describing the formation of 

the zebrafish heart. 

Established heart field nomenclature in birds and mammals 

 As previously mentioned, the heart fields in birds and mammals can be divided up 

as the first and second heart fields.  It is also important to note that the structures of the 

arterial pole, including the smooth muscle and myocardium of the outflow as well as the 

right ventricle prior to outflow septation, can be further divided into distinct 

developmental domains within the second heart field.  The definition of the secondary 

heart field (SHF), which excludes the right ventricle, has already been mentioned above.  

In addition to this, the progenitors of the SHF and the right ventricle have been referred 

to as the anterior heart field in the literature.  It is important to understand the distinctions 

of these related terms. 

 The anterior and secondary heart fields were defined in 2001 by three separate 

groups, as summarized in Fig. 5.  The addition of cells to the poles of the heart tube had 
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been observed in chick through direct labeling during this process (Arguello et al., 1975; 

de la Cruz et al., 1977).  Kelly et al (2001) defined the anterior heart field based on Fgf10 

expression in the conus, truncus and right ventricle in the mouse embryo.  Mjaatvedt et al 

(2001) defined the anterior heart field based on the morphology of the looping chick 

heart, restricting it to the conus and the truncus.  Mesoderm adjacent to the developing 

heart tube, within the pharynx, was removed during looping and cultured.  These explants 

differentiated as beating tissue, while the resulting hearts developed without conotruncal 

structures.  While these two varying definitions complicate the terminology of the 

anterior heart field, they both imply a distinct population of cells within the second heart 

fields that contribute to the myocardium of the arterial pole and the right ventricle.  Even 

though the definition made by Kelly et al (2001) is most widely accepted (Abu-Issa et al., 

2002; Ilagan et al., 2006), the ambiguity of the term is the reason it is largely neglected in 

this text. 

 More importantly, these two definitions ignore the smooth muscle that is derived 

from the heart fields.  Waldo et al (2001, 2005) defined the SHF as the progenitors that 

give rise to the arterial pole, including the myocardial truncus and the smooth muscle at 

the base of the great arteries that is not derived from neural crest.  This population is 

found within the pharyngeal mesenchyme, caudal to the arterial pole of the looping heart, 

and was identified by direct labeling and cardiogenic gene expression.  The location of 

the SHF was later directly traced from the bilateral heart fields in the chick prior to heart 

tube formation, verifying that the smooth muscle of the great arteries proximal to the 
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myocardium is indeed derived from the heart fields (Abu-Issa and Kirby, 2008; Waldo et 

al., 2005). 

 As mentioned earlier, the second heart field in mouse is defined based on the 

expression of Isl1 identified using Is1l-Cre ROSA26-lacZ transgenic mice (Cai et al, 

2003), which has since been shown to represent a subset of Isl1-positive progenitor 

derived cells that express Isl1 for an extended period of time in the mouse.  However, 

using a floxed Gata4-alkaline phosphatase line that is more susceptible to Cre 

recombination, a wider domain of expression was identified for the Isl1-cre transgenic 

mouse (Ma et al., 2008).  It therefore makes more sense to define the second heart field in 

mouse as a subset of the heart fields in which Isl1 expression is maintained after heart 

tube fusion begins.  Regardless, the distinction between these two populations holds up 

based on lineage tracing.  The separation of the first and second heart field lineages was 

shown using alpha Cardiac Actin – nlaacZ transgenic mice, which express β-

galactosidase in clones of cells within which a stop codon within the lacZ gene is lost by 

spontaneous mutation.  The clusters of cells in which these clones were observed 

exclusively within first or second heart field derived structures, with no such clusters in 

overlapping domains (Buckingham et al., 2005, Watanabe and Buckingham, 2010). 

 In the zebrafish, distinctions between different mesodermal derivatives of the 

heart fields have only been made on the basis of atrial or ventricular differentiation, with 

first and second heart fields not yet being defined (de Pater et al., 2009).  While 

identification of an “anterior heart field” has recently been asserted based on homologous 

expression of anterior heart field markers in zebrafish (Lazic and Scott, 2011; Zhou et al., 
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2011), this is an uncertain designation given the lack of septation in the ventricle of the 

zebrafish.  As more is understood about the evolutionary origin of the right ventricle, this 

distinction will become clearer. 

The formation of the arterial pole 

 The definitive arterial pole is formed from the most medial portion of the second 

heart field, the SHF (Abu-Issa and Kirby, 2007; Dyer and Kirby, 2009a).  In chick, this 

progenitor population is in the mediocaudal portion of the heart fields, and moves to and 

remains in the pericardial wall caudal to the developing arterial pole until it is added to 

the heart tube to form the most distal outflow myocardium and the smooth muscle at the 

base of the great arteries (Mjaatvedt et al., 2001; Waldo et al., 2005; Waldo et al., 2001).  

This population remains in an undifferentiated and proliferative state (van den Berg et al., 

2009), which requires strict molecular regulation.  These pathways are also very 

important for subsequent septation of the arterial pole. 

  The differentiating myocardium descends in a spiraling pattern so that 

myocardial precursors that start out on the right side of the SHF are incorporated as 

myocardium on the left side of the arterial pole.  The smooth muscle cranial to this 

myocardium is added without spiraling, with the myocardium forming a lip surrounding 

this smooth muscle (Waldo et al., 2005; Ward et al., 2005).  The rest of the smooth 

muscle of the great arteries cranial to this is derived from the cranial neural crest.  As the 

outflow forms, cardiac neural crest cells migrating from the pharyngeal arches contribute 

to the septation of the outflow tract (Kirby et al., 1983).  The neural crest cells descend 

into the arterial pole in two prongs that wind down and divide the pulmonary and aortic 
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outflows and ultimately form cushion mesenchyme that mixes with cushion mesenchyme 

derived from the pharyngeal region and the endocardium to form an outflow septum 

(Hurle et al., 1980).  As the aorta and pulmonary artery separate and rotate with the 

neural crest-derived septum, the arterial pole shortens and the aorta wedges between the 

atrioventricular valves after the poles have converged (Watanabe et al., 1998). 

 

 

Figure 5.  Arterial pole developmental domains. 

 A shows myocardial addition to the arterial pole in mouse, while B and C show 
arterial pole development in chick.  The colors correspond to the study in which each 
field was first defined, as shown by the key.  See text for descriptions.  RV, Right 
ventricle; C, Conus; T, Truncus; AoS, Aortic Sac.  Adapted with permission, from Abu-
Issa et al (2004), doi:10.1016/j.ydbio.2004.05.016.  Copyright 2004, Elsevier. 

 

 While the actual process is not fully understood in zebrafish, the resulting adult 

arterial pole structure is a sleeve of myocardium surrounding the caudal-most portion of 

the smooth muscle within the bulbus arteriosus.  The bulbus has thus far been observed at 

60 hpf, cranial to the myocardium of the ventricle (Zhou et al., 2011).  The overlap of 

smooth muscle and myocardium is not observed in embryonic development.  This 
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smooth muscle sac has historically been misunderstood.  Hu et al (2000) suggested that 

the bulbus undergoes a myocardial to smooth muscle transition based on the expression 

of a marker for striated muscle.  This has led to the assumption that this structure 

constitutes a third chamber of the heart.  However, this observation was made without a 

corresponding observation of any smooth muscle marker.  Later work by Grimes et al 

(2006) and Miao et al (2007) has shown the true smooth muscle features of the bulbus 

using nitric oxide detection and elastin expression, respectively.  While the 

developmental origin of the bulbus was not addressed prior to this study, the 

morphological homology has established the junction of the bulbus arteriosus and the 

ventricle as the definitive arterial pole in zebrafish, despite the lack of divided circulation 

in teleosts (Grimes et al., 2010; Grimes et al., 2006). 

 In the current literature, cardiac neural crest is thought to contribute to the 

myocardium of the zebrafish heart, while its contribution to the smooth muscle of the 

bulbus arteriosus is as yet unknown (Li et al., 2003; Sato and Yost, 2003).  The specific 

origin of the cardiac neural crest, and the extent of its contribution to the myocardium is 

not consistent between these two studies and such neural crest behavior is unusual given 

the lack of neural crest-derived myocardium in birds and mammals.  Also, the lack of 

septation in the zebrafish raises the question of how neural crest was adapted to such 

different roles in evolution.  It is possible that the cardiac neural crest may have been co-

opted into outflow septation from forming myocardium at some point in evolution.  It is 

also possible that neural crest was incorporated into these differing roles in different 

species after the species diverged.  There is currently not enough evidence to support 
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either conclusion.  Given the inconsistency of the results in these zebrafish studies, the 

methods employed in the studies that establish myocardial contribution from the neural 

crest in the zebrafish have been called into question due to the lack of specificity in the 

fate-mapping undertaken (Alonzo, M.R. and Kirby, M.L., unpublished).  The current 

study does not address this issue, but does explore the relationship between the putative 

SHF and the neural crest in zebrafish. 

Intercellular pathways active in cardiogenic induction 

 The complex process of generating a heart from two flat mesodermal fields 

requires extensive molecular regulation.  Most of the genetic studies on cardiac 

development have been conducted using mouse and chick, among others.  The earliest 

induction of myocardium occurs from the hypoblast with members of the Transforming 

Growth Factor (TGFβ) family.  These include Bone Morphogenetic Proteins (BMPs), 

particularly BMP2/4, which drive myocardial induction in combination with Fibroblast 

Growth Factors (FGFs).  BMP family ligands interact with serine/threonine receptors that 

phosphorylate SMADs.  When activated, these cytoplasmic proteins bind with SMAD4 

and enter the nucleus to direct transcription of target genes (Chen et al., 2009).  

Activin/TGF-β signaling promotes anterior fate from the anterior lateral endoderm, 

driving BMP/FGF signaling in the cardiogenic fields (Ladd et al., 1998).  This 

specification is driven by cardiogenic transcription factors, such as NKX2.5.  BMP2 has 

been known to induce Nkx2.5 expression ectopically in chick (Schultheiss et al., 1997).  

This pathway is blocked without BMP type II receptors, which are needed for Nkx2.5 

maintenance in Xenopus (Shi et al., 2000).  These receptors signal through SMAD1, 5 
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and 8 which interact with SMAD4 (Chen et al., 2009).    BMP2/4 drive cardiogenesis 

along with FGF8 in the heart fields (Alsan and Schultheiss, 2002).  FGF activity is 

mediated by tyrosine kinase receptors which interact with a variety of cytosolic factors to 

mediate FGF signaling to the nucleus.  In chick, ectopic FGF8 has also been shown to 

induce ectopic Nkx2.5 expression (Alsan and Schultheiss, 2002). 

Sonic Hedgehog (SHH) signaling is also involved in cardiogenesis.  The 

Hedgehog family binds transmembrane receptors in the Patched family.  In the absence 

of Hedgehog ligands, these receptors inhibit the activity of a transmembrane molecule 

known as Smoothened.  Smoothened has been associated with the primary cilium, an 

organelle present in most cells of the body in a wide range of metazoans, leading to the 

assumption that Hedgehog signaling has been co-opted from cilia-associated proteins 

(Ingham et al., 2011).  In vertebrates, Smoothened is allowed to enter the cytosol in a 

vesicle, and induce Hedgehog signaling events downstream, once inhibition by Patched 

receptors is relieved (Bijlsma et al., 2006; Huangfu and Anderson, 2005).  Early on, SHH 

signaling is active in the midline and ensures correct left-right patterning of the embryo in 

general, as well as cranial-caudal patterning during heart development.  SHH signaling is 

later important in the development of the pharyngeal region as the second heart field is 

added (Garg et al, 2001; Washington Smoak et al, 2005).   

 Canonical Wnts play a role in embryo polarity and inhibit the expression of 

cardiogenic factors though the activation of the nuclear factor, β-catenin.  These Wnts 

bind to the Frizzled family of receptors and an associated complex that inactivates the 

Axin/GSK-3/APC complex.  This second complex is responsible for phosphorylating β-
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catenin, thereby leading to its destruction.  In the presence of Wnt, β-catenin manages to 

avoid proteolysis and enter the nucleus (Habas and Dawid, 2005).  The absence of β-

catenin expression in the mesoderm has been associated with a lack of proliferation in the 

splanchnic mesoderm and a decrease of Isl1.  Overexpression of β-catenin in the 

mesoderm inhibits early heart tube formation while increasing proliferation in the first 

heart field (Klaus et al., 2007), which implies that canonical Wnt signaling inhibits 

differentiation in the heart fields. 

Intercellular pathways active in arterial pole development 

After heart tube formation FGF signaling also drives proliferation in the 

cardiogenic fields prior to differentiation and regulate arterial pole precursors.  Fgf8 is 

expressed in the arterial pole and the pharyngeal region when arterial pole formation is 

taking place.  FGF8 plays a role in SHF development and cardiac neural crest survival 

and migration.  The Fgf8 hypomorphic mouse displays ventricular septal and outflow 

alignment defects as well as pharyngeal arch artery defects (Abu-Issa et al., 2002).  The 

cardiac arterial pole of Fgf8 hypomorphs is also shorter than in wildtype mice (Ilagan et 

al, 2006), indicating a reduction in the addition of cells to the cranial portion of the heart 

tube.  Fgf8 is expressed in the endoderm and ectoderm of the pharyngeal arches and 

pouches.  From there Fgf8 is thought to signal to the cardiac progenitors of the SHF in 

the pharyngeal splanchnic mesoderm.  The SHF has been shown to be particularly 

sensitive to changes of FGF8 levels in chick.  The ablation of cardiac neural crest causes 

a sharp increase of FGF8 in the pharyngeal region, leading to excessive proliferation and 

decreased differentiation in the SHF.  This phenotype can be rescued through chemical 
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inhibition of FGF8 activity in chicks lacking cardiac neural crest (Hutson et al., 2006).  

Loss of Fgf8 has been shown to lead to a loss of both atrial and ventricular tissue in the 

zebrafish (Marques et al., 2008).   

 Recent data has shown that BMP2 and FGF8 play opposing roles in the chick 

SHF differentiation.  BMP2 drives differentiation of myocardium while FGF8 prevents 

myocardial differentiation and drives proliferation in vitro and in vivo (Hutson et al., 

2010; Tirosh-Finkel et al., 2010).  However, an excess of BMP signaling has been shown 

to increase proliferation in the myocardium of the arterial pole, indicating that the level of 

BMP signaling must be maintained within a certain range for this pathway to function 

normally (Choi et al., 2007).  The relevance of Fgf8 and Bmp2 to the zebrafish arterial 

pole specifically had not been explored until this study, although loss of ventricular tissue 

has been noted in zebrafish lacking Fgf8 activity (de Pater et al., 2009; Reifers et al., 

2000).  Atrial progenitors are more dependent on BMP signaling than ventricular 

precursors in early heart tube development, but this relationship is yet to be explored after 

48 hpf in arterial pole development (Marques and Yelon, 2009). 

 Notch signaling also inhibits the activity of some cardiogenic factors, and 

functions to limit cardiac development.  The Notch transmembrane receptor is cleaved 

after binding an appropriate ligand.  The Notch intracellular domain (NICD) is then free 

to bind to cofactors and translocate into the nucleus and modify transcription of its targets 

(Mumm and Kopan, 2000).  Notch signaling operates downstream of early cardiogenic 

factors, including NKX2.5 and GATA4, and suppresses myocardial differentiation 

(Rones et al., 2000).  This suggests that Notch signaling is active in cells that have been 
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specified, and plays a role in preventing differentiation.  Indeed, Notch signaling in the 

second heart field has been linked to the regulation of Fgf8, which drives proliferation 

and inhibits differentiation (High et al., 2009; Hutson et al., 2006). 

 Targeted deletion of Shh and Smoothened in mouse has shown that SHH signaling 

is needed for normal arterial pole formation and cardiac neural crest activity (Goddeeris 

et al., 2007).  In the absence of SHH the right ventricle and arterial pole are severely 

reduced in size, and ventricular and arterial pole septal defects are present.  These defects 

have been shown to arise from a lack of proliferation in cardiac progenitors (Dyer and 

Kirby, 2009b; Washington Smoak et al., 2005). 

Transcription factors in arterial pole development 

 These signaling pathways regulate the expression levels of cardiogenic 

transcription factors that determine the identity of the developing heart tissue.  Nkx2.5 

and Gata4 are the earliest transcription factors expressed in cardiac development.  

NKX2.5 interacts with other transcription factors to form extensive regulatory networks 

that control fate determination in the developing heart (Schultheiss et al., 1995).  In 

Drosophila, the Nkx2.5 homolog Tinman was identified as a master gene for 

cardiomyocyte development (Bodmer, 1993).  In vertebrates, a heart can still form in the 

absence of Nkx2.5, but with severe defects.  The Nkx2.5 knockout mouse possesses a 

single oversized ventricle and a small atrium, and dies before birth (Prall et al., 2007).   

 Nkx2.5 has traditionally been regarded as being required for normal cardiac 

specification, although not sufficient in vertebrates, as ectopic expression of nkx2.5 does 

not create ectopic hearts in Xenopus (Evans, 1999).  Overexpression of nkx2.5 in 
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zebrafish and Xenopus has been shown to cause an enlarged but otherwise normal heart, 

showing that excess Nkx2.5 can potentially expand the cardiac progenitor field.  In 

zebrafish, the overexpression of nkx2.5 to sufficient levels was able to induce ectopic 

myosin heavy chain expression in the embryonic branchial region (Chen and Fishman, 

1996; Cleaver et al., 1996).  The study by Prall et al (2007) has noted that loss of Nkx2.5 

in mice causes an increase in the expression of cardiac differentiation genes, including 

Bmp signaling, which abnormally persisted in cardiomyocytes.  This increase in the 

differentiation of progenitors leads to the loss of the right ventricle and a severe 

truncation of the outflow tract.  Both structures are derived from the SHF, which is added 

prematurely to the early heart tube after its formation.  The left ventricle, which is 

derived from the early heart tube, develops morphologically normally although in a 

delayed fashion in the Nkx2.5 -null mouse.  The Nkx2.5 null phenotype can be partially 

rescued by a knockdown of Smad1 expression, through which BMP2 signals (Izumi et 

al., 2001).  The phosphorylation of Smad1/5/8 is increased in the precardiac mesoderm of 

Nkx2.5 null mice, showing there is increased BMP2 activity.  This suggests that BMP2 

signaling through SMAD1 may drive cardiac differentiation, while Nkx2.5 negatively 

regulates this pathway to prevent early differentiation of progenitors.  Additionally, the 

repression of the BMP2/SMAD1 pathway is needed for normal proliferation of cardiac 

progenitors in the SHF, and the proliferation of these cells is partially restored by the loss 

of Smad1 (Prall et al, 2007).  

 Some T-box transcription factors (TBX) and GATA transcription factors interact 

with NKX2.5 directly.  GATA factors are expressed in cardiogenic precursors during 
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gastrulation, and later GATA4 and GATA6 participate in myocardial development while 

GATA5 is restricted to the endocardium (Molkentin, 2000).  TBX factors play varying 

roles in the heart.  Tbx5 is expressed in the atria as the heart tube forms in mouse and 

chick.  This transcription factor helps define chamber identity by driving the expression 

of other atrial transcription factors (Liberatore et al., 2000), and also limits proliferation 

in cardiomyocytes (Hatcher et al., 2001).   Tbx2 is expressed in the caudal portion of the 

looping heart, and is later restricted to the atrioventricular canal along with Tbx3, with 

both being largely under the regulation of BMP2.  These TBX factors suppress chamber 

development in the atrioventricular canal and in the arterial pole (Hoogaars et al., 2007).  

Exogenous BMP2 can drive Tbx2 and Tbx3 expression (Habets et al., 2002).   TBX20 is 

involved in promoting cardiomyocyte differentiation, and is a direct target of 

BMP/SMAD1 signaling (Mandel et al., 2010).  Tbx1 is expressed in the pharyngeal 

pouch endoderm and the pharyngeal mesoderm.  Indeed it is one of the earliest genes 

expressed in pharyngeal development.  It is required for normal cranial neural crest 

development in both mouse and chick, and is needed for normal addition of mesoderm to 

the arterial pole as well in mammals (Piotrowski et al., 2003; Yamagishi et al., 2003).  

Haploinsufficiency of Tbx1 in mice leads to defects in the pharyngeal arch arteries.  In 

addition to these defects, Tbx1 null mutant mice have persistent truncus arteriosus and 

ventricular septal defects (Jerome and Papaioannou, 2001; Merscher et al., 2001). 

 SHH, as mentioned earlier, plays an important role in arterial pole formation.  

SHH is thought to control Tbx1 though activation of Forkhead transcription factors 

FOXC1 and FOXC2 in the pharyngeal region.  Tbx1 expression in the pharyngeal region 
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is lost in the absence of SHH, and exogenous SHH can drive Tbx1 expression in chick 

(Garg et al., 2001).  TBX1 and SHH have been shown to be essential for normal SHF 

development.  In the case of the Tbx1 hypomorphic mouse mutant, Fgf8 expression is lost 

at the arterial pole and mildly repressed in the pharyngeal region.  Fgf8 has also been 

shown to possess a 0.9kb enhancer containing T-box binding sites.  This enhancer is 

essential for Fgf8 expression in the outflow tract and pharyngeal arches (Hu et al., 2004).  

Another mouse with cardiac phenotypes that phenocopies the Tbx1 hypomorphic mouse 

is the Smoothened mutant.  This mouse displays downregulation of Nkx2.5 early in 

cardiac development, with this downregulation persisting in the outflow through later 

stages of development (Zhang et al., 2001).  The loss of Smoothened, a downstream 

effector of SHH signaling, causes severe cardiac defects, particularly at the arterial pole, 

which is significantly shortened (Lin et al., 2006). 

 Several members of the MADS (Mcm1, agamous, deficiens, serum response 

factor-box) superfamily are also important in cardiac development.  Serum response 

factor (Srf) is coexpressed with NKX2.5, and drives the expression of genes needed for 

muscle development (Arsenian et al., 1998).  The Mef2 family genes within the MADS 

superfamily are expressed at varying times in cardiac development and are thought to 

facilitate the expression of genes controlled by GATA factors.  MEF2C is particularly 

important for right ventricle formation (Verzi et al., 2005).  Using a more sensitive Cre 

line in mice, Mef2C expression has also been identified in derivatives of the dorsal 

mesocardium.  In zebrafish, this gene has recently been established as a marker of 

putative arterial pole progenitors.  Absence of mef2cb in zebrafish prevents normal 
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addition of cells to the ventricle before and after heart tube formation, but shows an 

arterial pole specific expression pattern after 24 hpf (Lazic and Scott, 2011).   Based on 

analysis of its promoter in mouse, Mef2C is downstream of ISL1 and GATA transcription 

factors (Dodou et al., 2004).  The beta-helix-loop-helix transcription factors, Hand1 and 

Hand2 are expressed in the heart, with HAND1 being needed for normal looping, and 

HAND2 being needed for right ventricular development (Biben and Harvey, 1997; 

Srivastava and Olson, 1997). 

 Much like MEF2C and HAND2, ISL1 is a transcription factor that is important 

for the development of second heart field structures.  This LIM homeodomain factor is 

upstream of multiple transcription factors relevant to second heart field development, 

including multiple Bmps and Fgf10.  Isl1 knockout mice lack an outflow tract, a normal 

right ventricle and much of the atria (Cai et al., 2003).  Isl1 is also upstream of SHH 

signaling.  Shh expression is lost in the pharyngeal endoderm and mesoderm in the 

absence of Isl1 in tissue specific knockout mice (Lin et al., 2006). 

In addition to transcription factors, other molecules play a role in cardiac 

development.  The most important among these is retinoic acid (RA) and the signaling 

pathway it controls.  Raldh2, the retinaldehyde dehydrogenase responsible for retinoic 

acid (RA) production, is expressed in the pharyngeal arch mesenchyme and is required 

for arterial pole formation.  The Raldh2 null mouse has a similar aortic arch phenotype to 

Tbx1 null mice.  Development of the pharyngeal arches and their derivatives are impaired 

in Raldh2 null mice, implying that the SHF in Raldh2 null mice is severely disrupted 

(Niederreither et al., 2003).  Raldh2 expression has been shown to be greatly upregulated 
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in Tbx1 null mice by both microarray and in situ analysis (Ivins et al., 2005; Roberts et 

al., 2006).  This would suggest that Tbx1 operates upstream of Raldh2 in SHF 

development, and that TBX1 downregulates Raldh2 in vivo.  So it appears that any 

perturbation of RA levels has a negative impact on the outflow tract. 

The missing links (from primitive fish to tetrapods) 

While genetic homologies suggest a large degree of conservation in arterial pole 

formation, the morphological similarities among vertebrates are far more striking.  The 

adult zebrafish outflow, with the most proximal smooth muscle surrounded by a sleeve of 

myocardium, is homologous to that observed in animals with a divided arterial pole 

(Grimes et al., 2006).  Indeed, this homology is best demonstrated between adult 

zebrafish and chick (Fig. 6, Grimes et al., 2010).  And this homologous structure can also 

be observed in amphibians and lizards, exemplified by frogs and green anoles 

respectively, as well as waterfowl, exemplified by ducks (Fig. 7, Grimes et al., 2010).  In 

addition to genetics and morphology in birds and mammals, we can also look at 

morphology in other vertebrates to observe a common theme in arterial pole 

development.  Chondrichthyans, or cartilaginous fish, possess a single ventricle and 

atrium.  These fish also have an extensive conus arteriosus that is never incorporated into 

the ventricle through adulthood.  There are even extra sets of valves within this structure 

with no clear purpose (Grimes et al, 2010).  This structure could be homologous to the 

undivided arterial pole in early mammalian and avian development.  The homology is 

morphologically easy to identify when comparing a skate adult arterial pole to the 

undivided arterial pole of the developing chick (Fig. 8).  Indeed, observations based on 
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nitric oxide production in smooth muscle at the arterial pole, using the nitric oxide 

marker DAF2-DA, suggest that such homology exists (Grimes and Kirby, 2009; 

Moorman et al., 2007).  Despite the difference in the ultimate fate of the conus, the 

structure of the interface between myocardium and smooth muscle is similar to that 

observed in teleosts, birds and mammals (Grimes et al., 2010). 

 

Figure 6. Architectural homology in the arterial pole of fish and birds.  

 In all three images, cranial is to the top in longitudinal sections.  (A) Chick 
pulmonary outflow, day 11, and labeled with MF20 (myocardium, red) and anti-SMA 
(smooth muscle, green).  The pulmonary outflow valves are surrounded and supported by 
myocardium.  Smooth muscle derived from the SHF can be seen at the lumenal face of 
the myocardial sleeve, extending caudally from the base of the arterial trunk to the level 
of the valves (arrowheads).  Arrows show distal outflow tract smooth muscle known to 
be neural crest derived. The smooth muscle in the aorticopulmonary septum (aps) is also 
neural crest derived.  PI, pulmonary infundibulum; PT, pulmonary trunk. Scale bar 
indicates 250 mm (image adapted from Waldo et al. 2005).  (B) Adult zebrafish arterial 
pole labeled with MF-20 (red) and anti-MLCK (smooth muscle, green). DAPI (blue) 
labels nuclei.  Arrowheads show that valve is again supported by a sleeve of myocardium 
(the conus arteriosus) and that smooth muscle extends caudally from the base of the 
bulbus arteriosus (BA) to the level of the valve leaflets in the ventricle (V).  Scale bars 
indicate 100 mm.  (C) Adult zebrafish stained with elastic trichrome, showing the extent 
of tensile proteins (arrowheads) connecting the BA to the V.  Reproduced with 
permission, from Grimes et al (2010), doi:10.1111/j.1525-142X.2010.00441.x. 
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Figure 7. The arterial pole in tetrapods. 

 Myocardial and smooth muscle overlap (arrowheads) in five diverse tetrapods, 
labeled with MF20 (red) and anti-SMA (smooth muscle α-actin, green), unless otherwise 
indicated. Scale bars represent 250 mm. (A) Adult frog. Smooth muscle can be seen in 
regions where the spiral valve is adjacent to the myocardium. (B) Juvenile (10 cm) green 
anole. In this image, myocardium autofluorescence has been artificially enhanced and 
DAPI is blue. Smooth muscle can be seen extending caudally to the level of the valves on 
both pulmonary and aortic outflows. (C) Chick embryo (incubation day 11). See also Fig. 
6A. (D) Duck embryo (incubation day 11).  Reproduced with permission, from Grimes et 
al (2010), doi:10.1111/j.1525-142X.2010.00441.x.   

 

 In basal actinopterygians, more primitive relatives of teleosts, the same conal 

structure is observed in juveniles and in adults of some species.  This structure persists as 

an area that can include multiple valves as is the case for Chondrichthyans.  In teleosts, 

such a large conal structure is not typically observed, while the smooth muscle adjacent 

to the myocardium is enlarged.  While this was thought to suggest a loss of the conal 

structure in teleosts, the lack of trabeculation around the outflow valves in these fish, 

including zebrafish, suggests that the structure is merely smaller and incorporated into the 

ventricle.  In all cases, the basic structure of a smooth muscle/myocardial interface at the 

arterial pole is maintained.  The conal structure is still present in 6 of 20 teleost species 
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analyzed to date, suggesting that the conus is still relevant to teleost cardiac development 

(Grimes et al., 2010). 

 

 

Figure 8. Skate vs. Chick.   

 MF-20 (red) and DAF-2DA (green) labeling in embryonic skate (a) and chick 
hearts (b). The myocardial conus in the skate persists into adulthood and becomes 
decorated with several rows of valves. The common outflow vessel (conotruncus) in the 
chick will regress towards the ventricle as the arterial pole is septated and remodeled, 
forming the aorta and the pulmonary artery.  The myocardial structure in both species at 
this point in development is very similar nonetheless.  Adapted with permission, from 
Grimes and Kirby (2009), doi: 10.1111/j.1095-8649.2008.02125.x. 

 
 Moving further onto land from aquatic to semiaquatic models, amphibians have 

played a large role in expanding our understanding of cardiac development and the 

evolutionary pathways leading to this organ.  Xenopus, the representative model, 

possesses one ventricle and two atria.  However, the single ventricle possesses an outflow 

with two separate lumens.  One lumen leads to veins that connect with the lungs and skin, 

where oxygen exchange occurs in amphibians, and the other lumen leads to the body, 
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analogous to what happens in vertebrates with divided outflows.  The oxygenated and 

deoxygenated blood circulates in a manner that prevents mixing in the ventricle.  

Although counterintuitive, this is made possible by the fluid dynamics of the ventricle 

and the spiral outflows, which are not actually separate vessels but one vessel that is 

partially separated by a spiraling septum which effectively creates two lumens (Lee and 

Saint-Jeannet, 2011; Mohun et al., 2000). 

 The Xenopus outflow consists of a myocardial vessel, attached to a single 

ventricle.  This ventricle expresses Tbx5, while the outflow vessel does not (Lee and 

Saint-Jeannet, 2011).  The lack of Tbx5 expression and the presence of myocardium in 

the outflow implies that the outflow vessel, referred to as the truncus arteriosus, may be 

the evolutionary precursor of the right ventricle in chick and mouse.  Even though neural 

crest ablation has been observed to cause cardiac defects in Xenopus (Martinsen et al., 

2004), neural crest derived cells were not observed in the septum of the truncus arteriosus 

in a later study (Lee and Saint-Jeannet, 2011) which also ablated a more restricted area of 

the embryo to remove neural crest.  The outflow septum of Xenopus is generated by 

epithelial to mesenchymal transformation (Snarr et al., 2008), as is the case in the chick 

and mouse ventricular septum but not in most of the truncus (Kisanuki et al., 2001; 

Runyan and Markwald, 1983).  The conclusion to be drawn here is that the right ventricle 

in birds and mammals and the amphibian truncus arteriosus probably have a common 

origin.  This provides us with a possible link between the single ventricle of teleosts and 

the two ventricles required for living exclusively on land. 
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Objectives of this work 

 It is clear that there is a population of cells in the zebrafish that contribute to the 

heart tube after its formation (de Pater et al., 2009; Lazic and Scott, 2010; Zhou et al., 

2011).  However, the identity of these cells as being part of the heart field is yet to be 

determined by direct labeling.  Moreover, a population that contributes smooth muscle 

and myocardium to the most cranial portion of the heart, i.e. a SHF, has yet to be 

determined.  To address the localization of the SHF in zebrafish during development I 

took advantage of previous presgrastulation work done in the Kirby lab by Adrian 

Grimes, and I undertook labeling studies after gastrulation to determine where this SHF is 

located in relation to the rest of the mesodermal heart field.  I also looked at the 

movement of this field during cardiac development through direct labeling of progenitors 

within the branchial region, after early heart tube formation.  While emphasizing the 

evolutionary homologies among teleost, birds and mammals, this work also addresses the 

factors that determine the polarity of the heart field in relation to the overall development 

of  the embryo in a given species. 

 In zebrafish, the fgf8 and smoothened mutants have both been shown to have 

cardiac defects.  The fgf8 mutant acerebellar possesses a small ventricle and an enlarged 

atrium at 48 hpf, indicating that Fgf8 preserves its role in arterial pole development while 

playing an important role in chamber identity in the myocardium (Reifers et al., 1998).  

The Smoothened mutant has a loss in size in both chambers by 48 hpf (Thomas et al., 

2008; Varga et al., 2001).  The arterial pole phenotypes at 72 hpf, after the bulbus 

arteriosus has formed, have yet to be assessed in these mutants.  The tbx1 mutant has a 
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severely reduced branchial region at 48 hpf, and the heart grossly appears smaller.  But 

the cardiac phenotype has not been investigated in great detail, with observations being 

focused on head neural crest derived structures (Piotrowski et al., 2003).  Knowing the 

fate of smooth muscle at the arterial pole in these mutants will give us a more complete 

picture of the role these genes play in a simpler heart, and in evolutionary history. 

 To understand the molecular regulation of this field I looked for markers of a SHF 

in the zebrafish embryo that have been established in mouse and chick, and analyzed 

mutant phenotypes in zebrafish strains lacking pathways known to be important in SHF 

development in other species.  I also observed novel interactions between these pathways 

in the zebrafish.  All of this work promotes this species as an important model for arterial 

pole development.  This work sheds light on the overall evolutionary conservation of 

arterial pole development in vertebrates.  
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Chapter 2:  Identifying the SHF in zebrafish 

Introduction 

 As previously stated, the organization of atrial and ventricular precursors in 

zebrafish, birds and mammals are strikingly similar.  While this suggests that the arterial 

pole precursors are most likely located in a similar medial location in the zebrafish heart 

fields after gastrulation, this has not been addressed.  Previous mapping studies in 

zebrafish were terminated prior to the addition of smooth muscle of the bulbus arteriosus, 

the most distal component of the intrapericardial arterial pole immediately cranial to the 

ventricular myocardium in zebrafish (Keegan et al., 2004; Schoenebeck et al., 2007). 

Zebrafish also display a low level of proliferation in early differentiating cardiomyocytes 

which would necessitate addition of cells to the heart tube after its formation (de Pater et 

al., 2009; Nembhard and Kirby, unpublished).  Such an addition has been inferred by the 

analysis of fluorescent protein maturation in the zebrafish heart between 24 and 48 hpf 

(de Pater et al., 2009).  Genetic labeling has confirmed this (Lazic et al., 2010; Zhou et 

al., 2011).  However, direct labeling of these precursors in the heart fields has not been 

achieved and the location of arterial pole precursors has not been investigated.  

Furthermore, incorporation of such cardiac progenitors to the smooth muscle of the 

bulbus arteriosus has not been explored. 

 I hypothesized that SHF progenitors in the zebrafish would be organized in a 

similar pattern to that seen in chick and mouse, and that the pathways controlling the 

development of these progenitors would be conserved.  To address this, I initially focused 

on directly mapping this population at relevant time points.  Indeed, there is a 
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blastodermal population that contributes specifically to the myocardium of the arterial 

pole.   I further show that the zebrafish has a subset of cardiac progenitors within the 

mesodermal heart fields that contribute to both the myocardium of the ventricle and the 

smooth muscle of the bulbus arteriosus.  This population of cells is located in the most 

medial portion of the mesodermal heart fields in zebrafish and is present in the pericardial 

wall adjacent to the arterial pole after early heart tube formation.  

Zebrafish arterial pole precursors are clustered among ventricular 
progenitors prior to gastrulation 

 To establish the location of arterial pole progenitors in the zebrafish blastoderm, 

the Tg(gsc::GFP) zebrafish was utilized.  This transgenic zebrafish expresses green 

fluorescent protein (GFP) in the Goosecoid homeobox transcription factor domain, 

allowing clear identification of the dorsal axis in embryos prior to gastrulation (Doitsidou 

et al., 2002).  Using these embryos and adopting similar fate mapping strategies to those 

of Keegan et al. (2004), caged fluorophores were used as lineage-tracers to identify cells 

of the blastula that contribute to the most cranial myocardium of the ventricle and the 

smooth muscle of the bulbus arteriosus.  By activating caged fluorophores with laser 

photolysis in no more than one or two neighboring blastomeres and recording their 

position within the blastula, the contribution of these labeled cells to the arterial pole was 

assessed at 72hpf.  As previously published, atrial and ventricular progenitors were found 

in distinct populations of cells in the first four tiers of cells in the lateral marginal zone 

(LMZ) at 40% epiboly (Keegan et al., 2004).  Ventricular myocardial progenitors reside 

between 55° - 140° from dorsal in tiers one through three and atrial precursors reside 
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between 75° - 160° from dorsal in tiers two through four (Fig. 9).  In addition to the 

identification of atrial and ventricular precursors, cells that populated the myocardium at 

the distal outflow of the ventricle were restricted to the first and second tiers between 55° 

- 105° from dorsal.  These cells thus represent a subset of the ventricular precursors.  

Even though fluorescent cells photoactivated in the blastoderm could be seen in the distal 

outflow myocardium (Fig. 9), no labeled cells were detected in the smooth muscle of the 

bulbus arteriosus at 72 hpf.  As excessive proliferation may be a factor leading to a 

dilution of the fluorescein in photolabeled cells, I initially attempted to uncage entire 

embryos to observe if there was a specific absence of uncaged fluorescein in highly 

proliferative tissues, potentially including the bulbus arteriosus.  However, this approach 

failed to yield global uncaging.  As I was also interested in the location of arterial pole 

progenitors in the mesodermal heart fields, I next looked for smooth muscle progenitors 

after gastrulation.  

Arterial pole precursors are located in the mesodermal heart fields  

 To explore the localization of arterial pole progenitors in the mesoderm, I next 

looked in the ALPM.  For this purpose I labeled cells again through photolysis of caged 

fluorophores in the cardiogenic field at the 7-somite stage, in which a fate map of 

myocardial precursors has already been generated (Schoenebeck et al., 2007).  This map 

is based on cell tracing in the expression domains of nkx2.5 and hand2 in the ALPM, 

with hand2 being the most reliable marker of  cardiogenic precursors in zebrafish, and 

shows a spatial separation of ventricular and atrial precursors, with ventricular precursors 

located medially (Schoenebeck et al., 2007).  Based on this work and our previous data at 
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40% epiboly (Fig. 7), I photoactivated dye in 4-cell blocks primarily in the medial portion 

of the cardiogenic field.  I confirmed the photoactivation of cells within the hand2 

domain by in situ hybridization for hand2 and immunohistochemistry for fluorescein 

(Fig. 10A, B).  I found a contribution to the arterial pole from the cranial and medial 

portion of the area mapped, with consistent contribution to the arterial pole identified 

from grid zone F (Fig. 10C, D, Table 1).  These precursors can give rise to both the 

smooth muscle and myocardium of the arterial pole at 72 hpf (Fig. 10E, F).  I confirmed 

the colocalization of the fluorescein labeled cells with the myocardium and smooth 

muscle of the arterial pole in sagittal sections of 72 hpf hearts (Fig. 10G-K).  Labeled 

cells were not observed in the endocardium, while labeled cells that did not enter the 

heart were typically observed elsewhere in the branchial region of the larvae. 
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Figure 9.  Arterial pole progenitors at 40% epiboly. 

 Fate map of arterial pole progenitors in the zebrafish embryo at 40% epiboly.  Shown are the first four tiers of the 
LMZ, left and right sides of the embryo, dorsal to the right (0o).  The equatorial circumference of the embryo has been 
divided into 3o segments, each segment corresponding approximately to a single cell diameter.  The fate map is 
presented with the embryo flattened for simplicity.  Dots represent experiments in which caged fluorophores were 
activated in single cells and the position of those cells’ progeny at 72 hpf.  Reproduced with permission, from Hami et 
al (2011), doi:10.1242/dev.061473. 
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Figure 10.  Arterial pole progenitors at 7-somites 
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 Figure 10.  Arterial pole progenitors at 7-somites. 

(A) Dorsal view of 7-somite zebrafish embryo, cranial to the top. Photoactivated 
fluorescein, labeled immunohistochemically (red), can be identified relative to the Hand2 
expression field (blue/black).  (B) Panel A with grid superimposed to show experimental 
division of the heart field in the right ALPM. Grey circles represent approximately 4-cell 
clusters that were labeled in the mesodermal heart field . In this specimen, cells were 
labeled in grid zone F (red).  Dashed line highlights the cranial tip of the notochord.  (C) 
Dorsal view of zebrafish a 7-somite embryo with map showing cardiogenic field (red) 
and arterial pole progenitors within that field (blue) based on Table 1.  The map and grid 
are overlayed in panel D.  (E) Picture of the ventral view of zebrafish at 72 hpf, cranial 
indicated by the eyes (pink) and caudal indicated by the yolk (yellow).  The branchial 
muscles (light blue) are cranial to the bulbus arteriosus (green), ventricle (orange) and 
atrium (red).  (F) Zebrafish in similar orientation as shown in panel E.  Progeny of cells 
labeled in grid zone F (black) at 7-somites shown relative to the bulbus arteriosus (anti-
Eln2,), and striated muscle (MF20).  V, ventricle; A, atrium.  (G-K) Sagittal sections of 
72 hpf zebrafish with cranial to the left showing progeny of the photoactivated population 
at grid zone F in the arterial pole (arrows).  Panel (I) shows a drawing indicating the 
various parts of the heart seen in sagittal sections.  Caudal indicated by the yolk (yellow) 
and cranial by the bulbus arteriosus (green).  The scale bars indicate 10μm.  Reproduced 
with permission, from Hami et al (2011), doi:10.1242/dev.061473. 
 

Cells that contribute to the arterial pole remain undifferentiated as the 
cardiac cone forms 

 To assess the timing of SHF contribution to the zebrafish heart, I examined the 

location of the arterial pole progenitor population during early differentiation of 

myocardial cells at the 14-somite stage in Tg(cmlc2::GFP) fish that express GFP in the 

myocardium (Huang et al., 2003).  GFP becomes detectable in differentiating cardiac 

cells at the 14-somite stage through immunohistochemical amplification of the signal.  

Cells photoactivated in grid zone F at 7-somites, which contributed exclusively to the 

arterial pole and the ventricle, were not GFP-positive indicating that they remained 

undifferentiated.  These cells were dorsal to the population of the GFP-positive cardiac 
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cells in Tg(cmlc2::GFP) zebrafish at the 14-somite stage (Fig. 11A-C), as the GFP-

positive cardiomyocytes move towards the midline to form the cardiac cone.  Cells 

labeled in grid zones B and H, which contributed to both the atrium and the ventricle, 

could be found both within and outside the GFP-positive domain at the 14-somite stage 

(Fig. 11D, E). 

Table 1.  Summary of mapped cells in the mesodermal heart fields 

1 bulbus arteriosus and myocardium at the arterial pole   
2 only the myocardium of the arterial pole  
3 ventricle, 4 atrium, 5 atrioventricular canal  
* labeling of smooth muscle only was never observed  
Reproduced with permission, from Hami et al (2011), doi:10.1242/dev.061473. 

 

 Given that Isl1 has been observed in differentiated cardiac tissue in chick (Yuan 

and Schoenwolf, 2000), I looked at Isl1 expression in the cells forming the cone in 

zebrafish.  As the heart fields were approaching the dorsal midline at the 14-somite stage, 

Grid 
Zone 

OFT 
(BA+M

)1* 

OFT    
(M 

only)2 V3 A4 A/V5 
Non-

Cardiac Total 
A 1     5 6 
B 2    1 8 11 
C 4 1 1   5 11 
D 2  1 2 1 5 11 
E      2 2 
F 15 4 9   9 37 
G 1  4   6 11 
H   2 3 2 3 10 
I 1     4 5 
J   1  1 2 4 
K      3 3 

Total       111 
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I observed Isl1 in an area similar to the cardiac tissue in the GFP-positive domain in 

Tg(cmlc2::GFP) fish, as well as in the otic vesicle where it is expressed in neural 

progenitors (Fig. 11F-J).  In transverse sections of Isl1-labeled embryos I observed Isl1 in 

the layer of differentiated cardiomyocytes and in the mesodermal cells dorsal to them 

(Figs 11K, L), in which labeled cells that contribute to the arterial pole were visible at 

this stage (Fig. 11A-E), with no observable coelom in between.  At 30 hpf, cells from 

grid zone F were within the branchial region, typically in the pericardial wall, but had not 

been incorporated into the heart tube (Fig. 11M).  

 

 Figure 11.  Cells that contribute to the arterial pole remain outside the early 
heart tube.   

(A) Drawing of a transverse section of the 14-somite embryo with dorsal on top 
shows the neural tube (NT, light blue) with differentiating myocardium (red) in the 
ALPM overlying the yolk (Y, yellow).  (B) Whole mount 14-somite embryo with caudal 
view, dorsal on top.  Labeled cells from grid zone F (black) were observed in the 
splanchnic mesoderm of Tg(cmlc2::GFP) zebrafish that expresses GFP in differentiated 
cardiomyocytes (red).  (C) Transverse section oriented as in Panel A shows labeled cells 
relative to differentiated myocardium.  (D-E) Cells from grid zone B (black) can be seen 
in the differentiated myocardium (red) at 14 somites in whole mount (panel D) and in 
section (panel E). (F) Drawing of a 14-somite embryo from the left side, dorsal on top, 
shows the position of the cardiac progenitors (red), the eye (pink), the otic vesicle (light 
blue) and the yolk (yellow). (G-H) 14-somite embryo oriented as in Panel F.  Isl1 (green) 
and GFP (cardiomyocytes, red) in separate panels.  (I-J) 14-somite embryos sectioned 
transversely in caudal view, dorsal on top, showing overlapping Isl1 and GFP 
immunolabeling.  (K-L) Transverse sections of embryos at 14-somites, at the level of the 
otic vesicle (OV).  Isl1 (green) is expressed in the myocardium (arrowhead) and the 
splanchnic mesoderm (arrow), and is present in the nuclei (DAPI).  (M) Dorsal view of 
30 hpf zebrafish.  Cells uncaged from grid zone F at 7-somites (black and arrows) can be 
seen at some distance from the heart tube (MF20).  The scale bars indicate 10μm.  
Reproduced with permission, from Hami et al (2011), doi:10.1242/dev.061473.
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 Figure 11.  Cells that contribute to the arterial pole remain outside the early heart tube.
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Progenitors progressively move into the arterial pole after heart tube 
formation 

 Cells that contribute to the arterial pole did not differentiate during initial heart 

tube formation, and remained in the branchial region during looping, reminiscent of SHF 

progenitors in chick embryos (Waldo et al., 2005).  I therefore predicted that I could label 

cells in the branchial region between 24 and 36 hpf, and observe them in the myocardium 

from 48 hpf, when myocardial addition nears completion.  I labeled cells in the dorsal 

pericardial wall adjacent to the arterial pole with a lipophilic dye, DiI, at 24, 30 and 36 

hpf and observed incorporation into the ventricle at both 48 and 72 hpf based on the 

model shown in Fig. 10I.  Tg(cmlc2::GFP) embryos allowed for accurate targeting of the 

arterial pole and the pericardial wall.  In these experiments I observed cells in the 

myocardium in 82% (19 of 23) of embryos injected with DiI at 24 hpf, 62% (18 of 29) of 

embryos injected at 30 hpf, and 55% (11 of 20) of embryos injected at 36 hpf, suggesting 

that the target area became more restricted as time progressed.  Cells labeled at 30 and 36 

hpf were generally found in the most cranial portion of the ventricle at the developing 

outflow, while cells labeled earlier migrated further into the ventricle and closer to the 

atrioventricular canal (Fig. 12 and data not shown).  The presence of these DiI labeled 

cells in the myocardium was confirmed by confocal imaging of the hearts (Fig. 12C, F). 
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Figure 12.  Cells in the pericardial wall are incorporated into the developing 
heart tube.   

 Cells were labeled with DiI (pseudocolored green) adjacent to the arterial pole of 
the heart tube (pseudocolored red) in Tg(cmlc2::GFP) zebrafish at (A) 24 hpf and (E) 30 
hpf.  Pseudocoloring improved visibility of DiI-labeled cells.  Zebrafish are shown from 
the left side, cranial to the top.  Labeled cells were observed in the GFP-positive 
myocardium at (B, F) 48 hpf and (C, G) 72 hpf.  Zebrafish are shown from the right side, 
cranial to the top.  (D, H) Optical sections of 72 hpf zebrafish hearts from the right side, 
cranial to the top, confirming that DiI-labeled cells were incorporated into the 
myocardium.  V, ventricle; A, atrium; Y, yolk.  The scale bars indicate 10μm.  
Reproduced with permission, from Hami et al (2011), doi:10.1242/dev.061473. 
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Arterial pole progenitors are distinct from the neural crest population 

 Cardiac neural crest contributes to the septation of the arterial pole in animals 

with a divided systemic and pulmonary circulation (Kirby and Stewart, 1983; Kirby et al., 

1985) as well as the innervation of the heart (Kirby and Stewart, 1983).  In zebrafish, two 

studies have found a significant contribution of neural crest to the myocardium, despite 

the absence of septation (Li et al., 2003; Sato and Yost, 2003).  No myocardial cells of 

neural crest origin have been observed in other species studied thus far.  To determine 

whether the tracing studies undertaken here had inadvertently labeled migrating neural 

crest cells, I utilized Tg(sox10::eGFP) fish (Carney et al., 2006).  Sox10 is expressed in 

all neural crest cells during the early stages of migration from the neural tube in zebrafish 

(Antonellis et al., 2008).  In these transgenic fish, GFP expression was restricted to the 

neural tube at the 7-somite stage as shown in Fig. 13A-C.  Neural crest cells migrate from 

the neural tube to contribute to various tissues within the developing embryo, including 

the heart.  Cells in the cranial neural crest of the zebrafish dispersed out towards the 

ALPM in three migrating streams by the 14-somite stage (Fig. 13D-F).  Arterial pole 

progenitors in grid zone F (Fig. 13B) were photoactivated at the 7-somite stage in the 

Tg(sox10::eGFP) zebrafish.  In 5 Tg(sox10::eGFP) embryos analyzed, the labeled arterial 

pole progenitors were distinct from the GFP-positive cells expressing sox10 (Fig. 13C,F), 

ruling out the possibility that neural crest cells were labeled along with cells in the heart 

fields. The labeled area indicating the SHF appears to be well beyond the range of the 

neural tube at the time that labeling occurs at 7 somites.  The neural crest and the putative 
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SHF appear to converge by 14 somites, but cells being labeled are clearly not neural 

crest. 

 

 

Figure 13.  Arterial pole progenitors are not derived from neural crest. 

 Ventral view, with cranial on top, of zebrafish after photoactivation of cells at 7-
somites.  (A-C) When cells in grid zone F were labeled using caged fluorescein : 
rhodamine dextran (1:1 v/v) in Tg(sox10:eGFP) zebrafish at 7-somites, the labeled cells 
(green, red and arrow) were clearly distinct from the GFP-positive neural crest cells in 
the neural tube.  (D-F) By 14-somites the labeled cells (arrow) began to converge with 
the migrating neural crest but were still not overlapping.  The GFP-positive neural crest 
cells were migrating from the neural tube at this time.  The scale bar indicates 10μm.  
Reproduced with permission, from Hami et al (2011), doi:10.1242/dev.061473. 
 

Discussion 

The work in this chapter shows that the progenitors of the myocardium of the 

arterial pole can be traced from the lateral marginal zone of the zebrafish blastoderm.  

These progenitors gastrulate from within a zone identified as containing myocardial 
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ventricular precursors (Keegan et al., 2004).  Subsequently, progenitors in the 

mesodermal heart fields after gastrulation have been traced to the arterial pole, including 

both the smooth muscle and the myocardium just caudal to it.  This is the first 

demonstration of such a contribution of labeled cells from the zebrafish mesodermal heart 

fields to this specific area of the heart.  The localization of the arterial pole precursors 

identified in zebrafish is similar to what has been observed in chick (Garcia-Martinez and 

Schoenwolf, 1993; Abu-Issa and Kirby, 2008).  The arterial pole precursors prior to 

gastrulation are the myocardial precursors closest to the organizing centers in both cases.  

Also, after gastrulation, the mesodermal arterial pole precursors are located medially 

relative to all the myocardial precursors within the ALPM for both model organisms.  

The SHF precursors identified in zebrafish are distinct from the neural crest, although a 

neural crest contribution to the arterial pole has not been ruled out in this study.  I have 

shown that these progenitors do not differentiate when the cardiac cone is being formed.  

These cells have been observed moving through the branchial region, into the pericardial 

wall. 

 In addition to these observations, this work is also the first demonstration of 

directly labeled cells moving into the myocardium of the arterial pole from the pericardial 

wall.  This is consistent with the expected physical activity of a SHF in zebrafish.  This is 

similar to what has been observed in chick, in which the SHF is located in the pharyngeal 

region caudal to the arterial pole prior to its addition to the arterial pole (Waldo et al., 

2001, 2005).  It is not surprising that such a developmental field would exist in teleosts, 

given the morphological conservation of the cardiac arterial pole (Grimes et al., 2010).  
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However, it remains to be seen if these similarities are an unlikely artifact of convergent 

evolution or a truly conserved developmental field in vertebrates.  So far, I have looked at 

Isl1, which is present in the heart fields during cone formation.  While encouraging, the 

role of this potential second heart field marker in zebrafish is unclear.  To explore this 

question further, the molecular pathways involved must be further explored. 
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Chapter 3:  Regulation of differentiation of SHF progenitors 

Introduction 

 If the arterial pole progenitor population that has been identified in the zebrafish 

is truly comparable to the SHF in mouse and chick, a SHF in the zebrafish would require 

similar molecular regulation prior to addition to the heart tube as has been found in 

mammals and birds.  To address this, I looked at Isl1 and Bmp signaling as markers of a 

progenitor population being added to the heart tube.  The transcription factor Isl1 has 

been identified in cardiac progenitors prior to differentiation (Ma et al., 2008; Yuan and 

Schoenwolf, 2000).  I have also observed Isl1 in zebrafish cardiac progenitors prior to 

cardiac cone formation (Fig. 11).  BMP signaling is needed for myocardial differentiation 

in mouse and chick (Prall et al., 2007; Waldo et al., 2001).  Another transcription factor, 

TBX1, has been implicated in human defects of the arterial pole (Chieffo et al., 1997; 

Merscher et al., 2001).  The SHH pathway is an important regulator of Tbx1 (Garg et al., 

2001; Yamagishi et al., 2003), and defects in this pathway mirror those observed in Tbx1 

mutants (Washington Smoak et al., 2005).  SHH signaling and Tbx1 are both important 

for normal proliferation of SHF progenitors (Dyer and Kirby, 2009b; Kochilas et al., 

2002; Xu et al., 2004). 

 Additionally, Nkx2.5, Fgf8 and Bmp2 have been implicated in second heart field 

regulation during avian and mammalian cardiac development.  While Nkx2.5 requires 

Fgf8 to maintain expression in cardiac progenitors in both chick and zebrafish (Alsan and 

Schultheiss, 2002; Reifers et al., 2001), Bmp2 and Nkx2.5 are in a negative loop in which 

Bmp2 drives Nkx2.5 and Nkx2.5 limits Bmp signaling (Prall et al, 2007).  Bmp2 and 
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Fgf8 also act together to induce cardiac development early on (Alsan and Schultheiss, 

2002), while these two pathways play an important role in fate determination in 

progenitors at the arterial pole (Hutson et al., 2010; Tirosh-Finkel et al., 2010). 

 I hypothesized that the genes involved in arterial pole development would be 

present in the zebrafish, in a similar capacity.  I found that Isl1 was present in both the 

first and second heart fields and BMP signaling was elevated in a subset of Isl1-positive 

cells being added to the arterial pole after heart tube development.  Zebrafish mutants 

lacking tbx1 or hedgehog signaling showed abnormal development of the arterial pole.  

Additionally, Bmp signaling in zebrafish seems to be regulated by nkx2.5 and fgf8, with 

the two playing opposing roles during early cardiac development. 

Progenitors adjacent to the arterial pole express second heart field 
markers 

 In mouse, the transcription factor Isl1 is expressed in the mesoderm of the 

pericardial wall after differentiation of the first heart field has begun, in a population that 

continues to proliferate and remains contiguous with the heart tube (Cai et al., 2003).  I 

immunolabeled Tg(cmlc2::GFP) zebrafish during cardiac development to check for the 

presence of the Isl1 protein, and Isl1 was present in the zebrafish branchial region at 24, 

36 and 48 hpf, in cells adjacent to the arterial pole and the myocardium (Fig. 14A-C’).  

These cells extended continuously from the pericardial wall into the developing ventricle.  

Isl1 was largely absent at the arterial pole by 72 hpf, with the exception of some Isl1 

labeling in what appears to be the arterial vasculature (Fig. 14D, D’). 
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Figure 14.   Isl1 is expressed by cells being incorporated into the arterial pole.  

 Sagittal sections of Tg(cmlc2::GFP) zebrafish, cranial to the top, dorsal to the left.  
Isl1 (A-C’) is immunolabeled in cells adjacent to and in the arterial pole (arrows) at 24 
hpf, 36 hpf, and 48 hpf during addition of the second heart field myocardial cells to the 
heart tube (MF20).  (D, D’) By 72 hpf Isl1 is absent in the myocardium and expressed in 
the cranial-most portion of the smooth muscle of the bulbus arteriosus.  V, ventricle; A, 
atrium; Y, yolk.  The scale bar indicates 5μm.  Reproduced with permission, from Hami 
et al (2011), doi:10.1242/dev.061473. 

 

Bmp signaling in the SHF has been linked to differentiation of cardiac progenitors 

being added to the arterial pole in mammals and birds (Dyer et al., 2010; Prall et al., 

2007; Waldo et al., 2001).  I observed Bmp signaling at the arterial pole of zebrafish 

embryos using an antibody for phosphorylated-Smad1/5/8 (p-Smad1/5/8), which are 
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intracellular effectors of the Bmp pathway that are phosphorylated at a highly conserved 

site when Bmp signaling is active (Faure et al., 2000).  p-Smad1/5/8 was highly 

expressed in cells adjacent to the arterial pole between 24 and 48 hpf  (Fig. 15A-C’) but 

appeared to be restricted to a subset of Isl1 expressing cells closest to the arterial pole 

myocardium up until 48 hpf (Fig. 15D).  Bmp signaling was also present in the most 

proximal cells of the bulbus arteriosus at 72 hpf as identified by p-Smad1/5/8 expression 

in the smooth muscle cells adjacent to the most cranial myocardium (Fig. 15E, E’).  BMP 

signaling was also clearly present in the atrioventricular canal at 48 hpf, which is 

consistent with BMP signaling in regulating atrioventricular canal development in 

animals with divided circulation (Habets et al., 2002). 

Bmp promotes myocardial differentiation from arterial pole progenitors 

 To determine the role of Bmp signaling, I knocked down Bmp driven 

phosphorylation by treating embryos with dorsomorphin.  Dorsomorphin specifically 

blocks Bmp-mediated phosphorylation of Smad1/5/8 in zebrafish (Yu et al., 2008).  

Embryos were treated with dorsomorphin from 24 to 72 hpf at 40 µM or 20 µM, or with 

DMSO as a control.  Exposure of the embryos to 40 μM dorsomorphin resulted in a 

dramatic truncation of the ventricle with subsequent expansion of the smooth muscle of 

the bulbus arteriosus (Fig. 16A-C).   As smooth muscle normally first appears at 52 hpf 

(Fig. 16D), I also treated embryos with dorsomorphin from 24 hpf to 48 hpf, to observe 

any effects on the ventricle exclusively.  The ventricle appeared to be smaller at 48 hpf 

with inhibition of Bmp signaling (Fig. 16E, F), but the effect was milder than that 

previously observed at 72 hpf.  I verified the dorsomorphin induced inhibition of Bmp 
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signaling by treating embryos with 40 µM dorsomorphin or DMSO from 24 to 30 hpf and 

subsequently probing with anti-p-Smad1/5/8.  As expected, Smad1/5/8 phosphorylation 

at the arterial pole was significantly reduced at 30 hpf in dorsomorphin treated embryos 

as compared to DMSO treated control embryos (Fig. 16G, H). 

 

Figure 15.  Phosphorylated-Smad1/5/8 is expressed by cells being 
incorporated into the arterial pole.   

 Sagittal sections of zebrafish, cranial to the top, dorsal to the left.  p-Smad1/5/8 
(A-C’) is immunolabeled in cells adjacent to and in the arterial pole (arrows) at 24 hpf, 
36 hpf, and 48 hpf during addition of the second heart field myocardial cells to the heart 
tube (MF20).  (D) p-Smad1/5/8 (red) is expressed in a subset of Isl1-positive cells (green) 
closest to the myocardium (CT3) at 30 hpf.  By 72 hpf p-Smad1/5/8 (H) is expressed in 
the myocardium and the smooth muscle of the bulbus arteriosus.  V, ventricle; A, atrium; 
Y, yolk.  The scale bar indicates 5μm.  Reproduced with permission, from Hami et al 
(2011), doi:10.1242/dev.061473. 
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Figure 16.  Loss of Bmp signaling induces an expansion of the bulbus 
arteriosus at the expense of the ventricle. 

  (A-C) Ventral view of 72 hpf zebrafish treated with dorsomorphin from 24 to 72 
hpf.  (D) The bulbus arteriosus can be detected at 52 hpf as shown by anti-Eln2 labeling.  
V, ventricle; A, atrium.  (E, F) Ventral view of 48 hpf embryos.  Dorsomorphin treatment 
from 24 to 48 hpf leads to smaller ventricles at 48 hpf.  (G, F)  Sagittal sections of 
embryos with dorsal to the top.  Dorsomorphin treatment from 24 to 30 hpf results in a 
significant loss of phosphorylation of Smad1/5/8 (green nuclei) at the arterial pole 
(arrow).  The scale bars indicate 5μm.  Reproduced with permission, from Hami et al 
(2011), doi:10.1242/dev.061473. 

 

Addition of myocardial cells from the branchial region to the heart tube is 
reduced in mutants with arterial pole defects. 

 Both the transcription factor Tbx1 and the Sonic hedgehog (SHH) signaling 

pathway have been established as important components of normal arterial pole 

development in animals with systemic and pulmonary circulations (Dyer et al., 2009b; 

Kochilas et al., 2002; Xu et al., 2004; Washington Smoak et al., 2005).  To determine 

whether Shh signaling and Tbx1 play similar roles in zebrafish, I studied arterial pole 
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development in strains with a hypomorphic mutation in smo (smoothened) (Varga et al., 

2001), an obligatory member of the hedgehog signaling pathway, and a nonsense 

mutation in tbx1 (van gogh) (Piotrowski et al., 2003).   All of the components of the 

arterial pole are visible and well-defined by 72 hpf (Fig. 17A-C).  The anti-Eln2 antibody 

effectively labels the bulbus arteriosus during embryonic development in zebrafish (Miao 

et al., 2007) and provides a strong signal at this time.  In smo mutants, looping did not 

occur and the ventricle was significantly reduced in size at 36 and 48 hpf.  The smooth 

muscle of the bulbus arteriosus did not typically appear in these mutants by 72 hpf (Fig. 

17D-F).  At 96 hpf, smooth muscle was visible in only 5 of 16 smo mutant larvae in 

section, with only 2 possessing a structure that resembled a bulbus arteriosus (data not 

shown). 

 In tbx1 mutants, the ventricle appeared smaller at 36 hpf and was significantly 

smaller than in wildtype siblings at 48 hpf while atrial development appeared to be 

unaffected.  Interestingly, the heart appeared to loop partially even though the ventricle 

was reduced.  At 72 hpf the ventricle remained small, and while the bulbus arteriosus was 

present, it was reduced in size and the structure was dysmorphic (Fig. 17G-I).  To assess 

any changes in differentiation of arterial pole progenitors in the mutant embryos, I looked 

at Bmp signaling as a gauge of the number of differentiating cells at the arterial pole.  I 

counted the cells that were expressing p-Smad1/5/8 at the arterial pole in serial sections 

of mutant and wildtype embryos at 30 hpf (Fig. 17J-L).  There was a significant reduction 

of p-Smad1/5/8 in cells adjacent to the arterial pole in both mutants, indicating a much 

reduced population of differentiating cells (Fig. 17M). 
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Figure 17.  Zebrafish tbx1 and smo mutants display arterial pole defects.   

  (A-C) Ventral view of whole mount zebrafish, with cranial to the top.  The 
wildtype heart is looped by 36 hpf, and the bulbus arteriosus (Eln2) is formed by 72 hpf.  
The ventricle (MF20) is visualized as red and the atrium (S46) as yellow.  In smo (D-F) 
and tbx1 (G-I) mutants cardiac development is impaired.  (J) Sagittal sections from the 
left show p-Smad1/5/8 (green and arrows) expression near the arterial pole of the heart 
(CT3) at 30 hpf.  The scale bars indicate 5μm.  In the smo (K) and tbx1 (L) mutants p-
Smad1/5/8 is significantly reduced, as shown in the graph in panel.  P = 1.23 x 10-3.  
Adapted with permission, from Hami et al (2011), doi:10.1242/dev.061473. 
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 To further understand the arterial pole phenotypes in these mutants, I labeled cells 

adjacent to the arterial pole with DiI to see if they would move into the myocardium.  DiI 

labeling was performed at 24 hpf in wildtype embryos (Fig. 18A-C) and smo mutants 

(Fig. 18D-F), and at 30 hpf in wildtype controls (Fig. 18G-I) and tbx1 mutants (Fig. 18J-

L) due to the difference in severity of the cardiac phenotype of these mutants.  The smo 

mutants presented far more severe pericardial effusion and a much stringier heart by 72 

hpf compared to tbx1 mutants.  Incorporated cells were again observed at 48 hpf and 

confirmed at 72 hpf (as in Fig. 4).  Only 17% (2 of 12) Tg(cmlc2::GFP); smob641 mutants 

and 14% (2 of 14) Tg(cmlc2::GFP); tbx1tu208 mutants incorporated any DiI-labeled cells 

into the myocardium (Table 2).  In the absence of functional Tbx1 or Hedgehog 

signaling, addition of labeled cells from the pericardial wall to the arterial pole was 

significantly reduced after heart tube formation.   

 

Table 2.  Summary of the frequency of DiI-labeled cells at the pericardial 
wall moving into the ventricle by 72 hpf 

 Reproduced with permission, from Hami et al (2011), doi:10.1242/dev.061473. 

 

Labeled at: 24 hpf 30 hpf 
wt 82% 62% 

smo 17% N/A 
tbx1 N/A 14% 
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Figure 18.  Labeled cells in the pericardial wall are not incorporated into the 
developing heart in smo and tbx1 mutants.   

 Cells labeled with DiI (pseudocolored green) in the branchial region are 
incorporated into the myocardium (pseudocolored red) in wildtype fish hearts after 
labeling at 24 hpf (A-C) and 30 hpf (G-I).  DiI colocalized with the myocardium in 
wildtype fish at 48 and 72 hpf.  This incorporation of cells does not occur in a significant 
majority of smo (D-F) or tbx1 (J-L) mutants.  The green cells that appear to overlap with 
red cardiac cells in panel K do not overlap with the myocardium in panel L 24 hours 
later.  All embryos expressed cmlc2-GFP.  The scale bar indicates 25μm.  Reproduced 
with permission, from Hami et al (2011), doi:10.1242/dev.061473. 
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Fgf8 is needed for Nkx2.5 and Bmp signaling in heart tube formation 

FGF8 is needed for normal arterial pole development and arch artery patterning in 

both mouse and chick.  It has been shown to phenocopy the lack of Tbx1, but concurrent 

reduction of both genes in mouse heterozygotes has shown little additive effect (Abu-Issa 

et al., 2002; Aggarwal et al., 2006; Ilagan et al., 2006).  I looked at the acerebellar (fgf8) 

mutant (Reifers et al., 2000) to see if arterial pole development is compromised in the 

zebrafish.  The loss of fgf8 in zebrafish results in a much smaller ventricle and a larger 

atrium, which indicated a role for fgf8 in determining chamber identity (Reifers et al., 

1998).  Thus I expected a reduction in the size of both the ventricle and the bulbus 

arteriosus at 72 hpf.  The ventricle was significantly smaller at 36 and 48 hpf and looping 

was incomplete (Fig 19C, D) compared with wildtype controls (Fig. 19A, B).  At 72 hpf, 

the ventricle was smaller and complete looping was still absent in the ace mutant.  

Despite the ventricular phenotype of the ace mutant bulbus arteriosus appeared normally 

by 72 hpf with little difference in size compared to that observed in wildtype siblings.  

The orientation is aberrant, but this is most likely due to ventricular malformation and the 

pericardial effusion observed in ace mutant embryos (Fig. 19C, F).  Additionally, cells 

expressing atrial myosin heavy chain (MHC, S46), which is exclusively expressed in 

atrial cells in the zebrafish (Yelon and Stainier, 1999), were observed in the ventricle, 

confirming the role of fgf8 in specifying chamber identity (Fig. 19F).  The expression of 

atrial MHC in the ventricle implies that some cells in the ventricle may have assumed 

atrial phenotypes in the absence of fgf8. 
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Figure 19.  Zebrafish ace mutants display arterial pole defects.   

(A-C) Ventral view of whole mount zebrafish, with cranial to the top.  The 
wildtype heart is looped by 36 hpf, and the bulbus arteriosus (Eln2) is formed by 72 hpf.  
The ventricle (MF20, red) is visualized as red and the atrium (S46) as yellow.  In ace (D-
F) mutants cardiac development is impaired.  The ventricle is much smaller and atrial 
cells (labeled with atrial specific marker S46, yellow) can be seen in the ventricle at 72 
hpf (arrow). The scale bars indicate 5μm. 

 

I have already shown that the zebrafish arterial pole requires Bmp signaling for 

normal development.  The role of Bmp signaling in early cardiac development has been 

studied extensively in relation to Nkx2.5 and FGF signaling.  BMP drives cardiomyocyte 

induction and differentiation at different time points.  If Bmp driven induction does not 

occur normally in the heart fields, the normal addition of the SHF cannot occur (Alsan 

and Schultheiss, 2002; Prall et al., 2007).  In the case of the smooth muscle of the arterial 

pole, it has been shown to have a complementary role to Fgf8 in smooth muscle 
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differentiation in chick (Hutson et al., 2010; Tirosh-Finkel et al., 2010).  I have confirmed 

the role of Bmp in driving myocardial differentiation and in inhibiting smooth muscle 

differentiation in vivo (Fig. 16).  Bmp2 is downregulated by NKX2.5 to limit the rate of 

first heart field differentiation during early development (Prall et al., 2007), and would be 

essential in ensuring enough heart field progenitors remain undifferentiated to contribute 

to arterial pole development after early heart tube formation.  I next focused on the early 

regulation of Bmp signaling in zebrafish in conjunction with nkx2.5 and fgf8.  Both Bmp2 

and Bmp4 are expressed in the arterial pole and have been linked to arterial pole 

development in chick and mouse (Dyer et al., 2010; McCulley et al., 2008).  BMP2 is 

expressed by arterial pole myocardium but not the myocardial progenitors.  Multiple nkx 

genes are expressed in the cardiogenic mesoderm and the underlying endoderm at the 

onset of cardiogenesis in zebrafish; nkx2.5 is expressed in the mesoderm, nkx2.3 in the 

endoderm, and nkx2.7 precedes the expression of both in their respective expression 

domains (Lee et al., 1996).  Both nkx2.5 and nkx2.7 have been shown to be partially 

redundant in zebrafish cardiac development, with an obvious phenotype being presented 

only in the absence of both genes (Targoff et al., 2008; Tu et al., 2009).  Based on this 

previous work, I measured the expression levels of bmp2a, bmp2b and bmp4, as well as 

nkx2.5 and nkx2.7 in zebrafish embryos lacking fgf8.   I looked at the effect of  a loss of 

fgf8 on the whole embryo, during early heart tube formation, and found that Fgf8 is 

required to for nkx2.5 and nkx2.7 expression, as well as bmp2b and bmp4 expression.  

RNA was extracted from control and ace mutant whole embryos at 24 hpf, when the 

cardiac cone is forming and elongating into a heart tube.  The target RNA concentration 
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of each gene relative to control genes was established by quantitative PCR.  The nkx 

genes show a roughly 3-fold drop in the absence of fgf8, while the reduction of bmp2b is 

roughly 2-fold (Fig. 20).  The transcript for bmp2a was not significantly affected in the 

ace mutant, implying that Fgf8 has no influence of bmp2a expression (data not shown).  

This confirms that bmp2b is the relevant gene for Bmp2 signaling in early zebrafish 

cardiac development involving Fgf signaling.  Both nkx2.5 and nkx2.7 showed roughly 3-

fold drops in expression levels, confirming the importance of Fgf signaling is cardiac 

induction in the zebrafish. 

 

 

Figure 20. Loss of fgf8 leads to a loss of bmps and nkx genes.   

 The graph shows a reduction in the expression of these genes at 24 hpf in ace 
mutants relative to wildtype controls.  No significant change was observed in bmp2a.  
RNA was obtained from whole embryos.  Wildtype expression levels of these genes were 
normalized to 1.0.  (*) indicates significant change. 
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Nkx2.5/2.7 regulate Bmp signaling in early cardiac development 

Nkx2.5 is expressed in the induction of cardiac precursors, through pathways that 

include Fgf and Bmp signaling, as mentioned previously (Alsan and Schultheiss, 2002).  I 

next looked at the influence of nkx genes at the induction of myocardial differentiation 

through bmp expression.  To achieve an effective knockdown in nkx gene activity, I 

knocked down both nkx2.5 and nkx2.7 simultaneously as has been by Targoff et al., and 

Tu el al., 2009.  I measured RNA levels of bmp2a, bmp2b, and bmp4 expression in whole 

embryos at 16 hpf.  The RNA concentration of each gene relative to control genes was 

again established by qPCR.  The knockdown of nkx2.5 and nlx2.7 led to a 2.2-fold 

upregulation of bmp2b (Fig. 21).  Again, there was no significant change in bmp2a 

expression, and also bmp4 expression in nkx morphants, indicating that these two genes 

do not require maintenance by nkx genes in development, and appear to be regulated 

independently of bmp2b. 

Based on the data already presented for the nkx2.5/2.7 morphant, there is an 

increase in Bmp signaling as suggested by the change in bmp2b as myocardial 

differentiation is beginning in the zebrafish embryo.  An increase in Bmp signaling would 

be expected to lead to a more rapid rate of differentiation of cardiac precursors, which 

would in turn result in a depletion of these progenitors at a later time.  To test this theory 

I quantified the number of cells differentiating at the arterial pole at a given point by 

observing BMP signaling through p-Smad1/5/8 expression, as done for smo and tbx1 

mutants (See Fig 17J-M).  Based on my hypothesis, the upregulation of bmp2b early on 

in nkx morphants would be expected to lead to a loss of progenitor cells by 30 hpf, as a 
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smaller number of cardiac progenitors would remain after differentiating in excess during 

early heart tube formation.  This is indeed the case as demonstrated by the reduction in p-

Smad1/5/8 expressing cells at the arterial pole (Fig. 22). 

 

 
 

Figure 21.  Loss of nkx2.5/2.7 leads to upregulation of bmp2.   

 The graph shows an over 2-fold increase in bmp2b expression at 16 hpf in nkx 
morphants relative to wildtype controls.  Both bmp2a and bmp4 showed no significant 
change in nkx morphants.  RNA was again obtained from whole embryos, and the 
wildtype expression level of bmp genes was set as 1.0.  (*) indicates significant change. 

 

Given the reduction of Bmp signaling in the nkx2.5/2.7 morphant at 30 hpf, I 

proceeded to look at the arterial pole phenotype in this morphant to determine the effect 

of a potential depletion of arterial pole progenitors in this case.  I observed changes in the 

ventricular myocardium and the bulbus arteriosus after the appearance of the bulbus 

arteriosus at 52 hpf, and at 72 hpf when the bulbus arteriosus is fully formed.  Smooth 

muscle was absent at the arterial pole of the nkx2.5/2.7 morphant at 52 hpf (Fig. 23A, C).  
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The bulbus arteriosus was grossly smaller in the nkx morphant fish is at 72 hpf (Fig. 23B, 

D).   The structures derived from the SHF appeared much reduced in the absence of 

normal nkx2.5/2.7 activity.  The ventricle was dramatically smaller at both 52 hpf and 72 

hpf, while the atrium is enlarged (Fig. 23).  This confirms the ventricular phenotype 

previously observed in nkx2.5/2.7 morphants that have been analyzed at 52 hpf and 72 

hpf previously (Targoff et al., 2008; Tu et al., 2009).  Tu et al (2009) also observed a 

smaller arterial pole, based on tbx20 expression, which I have confirmed with elastin2, 

that specifically marks the bulbus arteriosus and the ventral aorta at 72 hpf (Miao et al., 

2004). 

 
 

Figure 22.  Loss of nkx2.5/2.7 reduces the number of p-Smad positive cells at 
the arterial pole.   

 The graph shows the change of p-Smad1/5/8 expressing cells at the arterial pole at 
30 hpf in nkx morphants (nkx) and wildtype controls (wt).  Analyzed embryos showed 
significant cardiac defects.  (*) indicates significant change.  The number of embryos is 
each group is indicated by (n).  P = 0.028. 
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Figure 23.  Loss of nkx activity perturbs the arterial pole. 

 (A, B) Normal arterial pole development, ventral view, cranial to the top.  (C, D) 
In the absence of nkx2.5/2.7, arterial pole structures are significantly reduced, including 
both smooth muscle (Eln2, green) and myocardium (MF20, red).  Overall branchial 

development is also delayed and dysmorphic.  The scale bars indicate 5μm. 
 

Discussion 

 The work in this chapter demonstrates the importance of various pathways in the 

development of the arterial pole.  Isl1 is present in the pericardial wall and in cells within 

the developing arterial pole.  Isl1 expression is prolonged in structures that develop after 

early heart tube formation and expressed transiently in the earliest cardiomyocytes, which 

is reminiscent of the late expression of Isl1 in the chick heart tube (Yuan and 

Schoenwolf, 2000).  Both are distinct from the rapid downregulation of Isl1 in the first 
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heart field of the mouse (Cai et la., 2003).  More importantly, Bmp signaling is highly 

active in a subset of these Isl1 positive cells.  In the absence of Bmp signaling, the 

ventricle is reduced while the bulbus arteriosus is dysmorphic, and appears to be grossly 

larger.  This is the first evidence of Bmp playing a role in restricting smooth muscle 

development in the cardiac arterial pole in vivo.  Pathways associated with tbx1, 

including the Shh pathway (Garg et al., 2001), are needed for normal development of 

both the ventricle and the bulbus arteriosus.  The arterial pole phenotype of the 

smoothened mutant had not been previously reported until this study.  A specific lack of 

migration of cells from the pericardial wall into the ventricular myocardium in the tbx1 

and smo mutants confirms that the lack of the arterial pole observed in these mutants is 

due to dysfunctional development of the SHF. 

 In the case of nkx activity, this work reaffirms previous publications on the 

functional redundancy of nkx2.5 and nkx2.7, and the loss of ventricular tissue when both 

genes are knocked down in zebrafish.  This work shows that the bulbus arteriosus is also 

significantly reduced in size in these morphants.  Both these genes require Fgf8 signaling 

for maintenance of their expression as the early heart tube is forming, as is the case for 

bmp2b.  The ace mutants display a much smaller ventricle, but a seemingly normal 

bulbus arteriosus.  In the absence of nkx genes, bmp2b is significantly upregulated as 

myocardial differentiation begins at 16 hpf.  This causes a later reduction in the number 

of cell showing Bmp signaling at the arterial pole as cells are being added to the heart 

tube.  All these findings are novel and indicate that Fgf8 and Nkx2.5/2.7 have competing 

roles in maintaining bmp2b at appropriate levels.  This is very consistent with the tight 
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regulation of Bmp signaling that is required in cardiac development, given the 

significance of maintaining an exact level of bmp signaling during development (Choi et 

al., 2007; Hutson et al., 2010).  This work also confirms the relevance of bmp2b to 

zebrafish arterial pole development, and the logical necessity of normal early heart tube 

development for normal arterial pole development later on.   



 
 

75 
 

Chapter 4:  Conclusions 

Arterial pole morphology and development is conserved from fish to 
tetrapods 

 In the epiblast of chick the craniocaudal location of cardiac progenitors is 

collinear with their organization in the heart tube (Garcia-Martinez and Schoenwolf, 

1993; Lopez-Sanchez et al., 2002), also likely to be the case in mouse (Hatada and Stern, 

1994; Tam et al., 1997).  Because gastrulation occurs craniocaudally in the chick, the 

most cranial epiblast cardiac progenitors, which represent the arterial pole progenitors, 

are the first to gastrulate.  While gastrulation is quite different in zebrafish in that a dorsal 

midline primitive streak does not exist, the location of the zebrafish cardiac progenitors in 

the blastoderm is comparable because the first tier cells of the LMZ gastrulate earlier, 

with the subsequent tiers following (Warga and Kimmel, 1990).  Thus, our data support 

the work of Keegan et al (2004) and show that the location of myocardial progenitors 

within the blastoderm and their order of gastrulation are consistent with what is known in 

other vertebrate models.  Our data show that arterial pole progenitors represent a subset 

of the ventricular myocardial progenitors in the blastoderm which would be among the 

first cardiac progenitor cells to undergo gastrulation.  While the progenitors of the heart 

tube have been traced in chick, there has been no attempt to trace arterial pole progenitors 

from the epiblast specifically in any species until now.  This is the first report of such a 

finding in any species. 

 The fact that I did not observe arterial pole smooth muscle progenitors in the 

blastula could be due to proliferation of this population from 40% epiboly to 72 hpf.  
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None of the mesodermal tracing experiments presented here found labeled smooth 

muscle cells in the absence of labeled myocardium, and this supports the idea that smooth 

muscle precursors are located in the vicinity of myocardial precursors after gastrulation.  

However, it is possible that some originate from an area outside the mapped cardiac 

progenitors in the blastoderm.  I was unable to address this in this study by uncaging the 

entire embryo at the 7-somite stage, which I expected to allow me to observe the dilution 

of the fluorescent label in any progenitor cells that would be undergoing many rounds of 

proliferation.  This would be an important point to address in a future study.  Transgenic 

fish that allow direct labeling of cells, such as the kaeda transgenic fish (de Pater et al., 

2009; Hatta et al., 2006), may be more useful for addressing this particular problem. 

 After gastrulation, I show that a common progenitor pool within the mesodermal 

cardiogenic fields gives rise to the smooth muscle and myocardial cells that comprise the 

definitive arterial pole of the zebrafish, as has been shown in chick (Hutson et al., 2010).  

In fate mapping studies in chick the SHF has been localized to the mediocaudal edge of 

the cardiogenic field.  In contrast, these data show a mediocranial location of the SHF 

progenitors in the cardiogenic field in the zebrafish.  This difference reflects the manner 

in which the heart tube is formed in these species.  The endoderm of the chick embryo 

folds ventrally to form the foregut, progressing in a cranial to caudal direction.  This 

foregut folding causes an inversion of the cardiogenic mesoderm.  The heart fields fold 

120o-130o along with the coelom during migration towards the midline, bending ventrally 

towards the midline (Abu-Issa and Kirby, 2008).  As the zebrafish is an anamniote, 

folding of the coelom and the heart fields does not occur.  Thus, a head fold does not 
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form as the head develops as a curved extension of a planar body plan surrounding the 

yolk (Nüsslein-Volhard and Dahm, 2002).  More importantly, the foregut first forms as a 

solid tube that later lumenizes as the endodermal cells gain polarity.  These polar cells 

organize into a bilayer and form cavities that coalesce to make a functional gut lumen.  

This process does not begin until 26 hpf, which is after the heart tube has already formed 

(Bagnat et al., 2007; Ng et al., 2005).  In the absence of any force directing the 

cardiogenic mesoderm to fold, the heart fields merge into a cardiac cone that becomes a 

tube by a process of asymmetric involution of the right side of the cone (Rohr et al., 

2008; Stainier et al., 1993).  The change in location of the SHF in the mesodermal heart 

field reflects the adaptation of cardiac progenitors to the change in foregut formation over 

evolutionary history. 

 The population identified in the mesodermal heart fields does not contribute to the 

endothelium.  While I have not specifically addressed this, I observed the cells labeled in 

the SHF at 7-somites exclusively in the myocardium of the ventricle and the smooth 

muscle of the bulbus arteriosus.  In both tissues this can be addressed using the 

Tg(fli1::EGFP) zebrafish expressing GFP in all endothelial cells, including the 

endocardium.  This fish allows visualization of all endothelial tissues (Lawson and 

Weinstein, 2002; Mitchell et al., 2010).  A contribution from the SHF to the endocardium 

or the endothelial cells of the bulbus arteriosus is unlikely.  The endocardium has been 

found to originate from cells dispersed among myocardial progenitors in the epiblast of 

the zebrafish (Keegan et al., 2004; Lee et al., 1994).  However, endocardial and 

endothelial progenitors are located in a more cranial part of the ALPM relative to the 
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heart fields at 7-somites (Schoenbeck et al., 2007), implying an early separation of 

endothelial and myocardial lineages.  My data has shown the SHF to be located in the 

cranial portion of the heart fields, the SHF is close to the endothelial progenitors thus far 

identified in the ALPM.  However, the region in which the SHF resides at 7-somites has 

been shown not to give rise to endocardium (Schoenebeck et al., 2007).  The early 

separation of myocardial and endothelial lineages is supported by the fusion of the 

differentiating myocardium to form a heart cone around endocardial precursors that have 

already relocated to the midline prior to the appearance of a cardiac cone (Rohr et al., 

2008; Stainier et al., 1993). 

 For the heart to continue to elongate and loop after early heart tube formation, the 

remaining progenitor cells of the second heart field must remain undifferentiated until the 

appropriate time for addition to the myocardium of the heart tube.  The arterial pole 

progenitors I have identified differentiate after heart tube formation, and can be observed 

in the pericardial wall after heart tube formation, similar to what is observed in chick and 

mouse (Kelly et al., 2001; Mjaatvedt et al., 2001; Waldo et al., 2001).  Previously de 

Pater et al (2009) showed that cells are added to the poles of the heart tube between 24 

hpf and 48 hpf in zebrafish.  Lazic and Scott (2010) observed addition of cells to the 

arterial pole in the same timeframe, and identified a marker, mef2cb, of the actively 

adding population in zebrafish.  Although the contribution of these cells is not shown for 

the bulbus arteriosus, the myocardium of the zebrafish arterial pole is reduced when 

mef2cb is knocked down.  This demonstrates the importance of these mef2cb expressing 

precursors both before and after 30 hpf. 
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Around the same time that much of the data in this thesis was published (Hami et 

al., 2011), Zhou et al (2011) identified another marker for myocardium and smooth 

muscle adding to the arterial pole after 24 hpf, latent TGFβ binding protein 3(ltbp3), in 

zebrafish.  This protein is involved in regulating the bioavailability of TGFβ, and cells 

expressing ltbp3 are present in the cranial half of the heart tube at 24 hpf, and the 

adjacent pharyngeal mesoderm.  Using the ltpb3-Cre transgenic fish, Zhou et al 

demonstrated that cells expressing ltbp3 eventually differentiate into myocardium in the 

ventricle and smooth muscle in the bulbus arteriosus.  These progenitors also expressed 

nkx2.5 prior to addition to the heart tube.  Knockdown of ltbp3 has been shown to 

truncate the ventricle and eliminate the bulbus arteriosus at 60 hpf.  Indeed, this study 

also managed to observe proliferation in cells adjacent to the arterial pole at 28 hpf, 

which was eliminated when ltbp3 was knocked down.  The fact that nkx2.5 expressing 

progenitors at the arterial pole are proliferating as the heart tube is elongating is key in 

verifying the existence of a SHF in zebrafish.  Zhou et al also showed the addition of 

labeled cells from the pharyngeal region into the ventricle through direct labeling using 

DiI.  However, this study did not verify the localization of the dye in the myocardium.  I 

have also observed cells labeled in the pericardial wall being incorporated into the arterial 

pole in the same time frame, and confirm the myocardial character of these labeled cells.  

Additionally, I show that in the absence of normal arterial pole development, labeled 

cells in the pericardial wall do not find their way into the ventricular myocardium.  All 

this data is consistent with the idea of a true SHF in zebrafish. 
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The three studies together, in addition to the work of de Pater et al (2009) 

establish the existence of second population of cells adding to the heart, and more 

specifically a SHF in the zebrafish.  Lazic et al (2010) and de Pater et al focus on addition 

of myocardium to the heart tube from 24 to 48 hpf.  Both papers confirm that cells do 

enter the ventricle after 24 hpf, and show that FGF signaling is needed for this process to 

occur normally.  Both papers do not observe cells moving into the ventricular 

myocardium by direct labeling, and neither undertakes any sort of mapping of the heart 

fields.  However, Lazic et al provide the first evidence of a progenitor pool present 

adjacent to the arterial pole that is required for elongating the heart tube. 

In addition to this, Zhou et al (2011) and Hami et al (2011) take a look at events at 

60 and 72 hpf respectively.  This is important as the smooth muscle of the bulbus 

arteriosus appears after 52 hpf and a definitive arterial pole requires the presence of 

smooth muscle.  Zhou et al study the arterial pole using a molecular approach.  They 

show a population defined by TGFβ signaling which also expresses nkx2.5, and is 

adjacent to the arterial pole.  The loss of this population disrupts arterial pole formation.  

Hami et al map the progenitors that give rise to the arterial pole from the mesodermal 

heart fields, and trace the myocardial precursors of the arterial pole from the epiblast too.  

This approach confirms that the arterial pole is at least partially derived from the same 

pool of progenitors as the rest of the heart, and that the positioning of arterial pole 

precursors within the heart fields mirror what is observed in chick (Abu-Issa et al, 2008; 

Garcia-Martinez and Schoenwolf, 1993).  Additionally, my work establishes the 

dysfunction of the SHF in fish lacking pathways known to be essential for normal arterial 
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pole development in other species.  Thus, both Zhou et al and Hami et al went a long way 

to establish that the zebrafish has a definitive SHF. 

 Given the existence of a zebrafish SHF, the morphological homology of the 

arterial pole from fish to mammals should come as no surprise.  The arterial pole of the 

zebrafish includes the most cranial myocardium of the ventricle and the large smooth 

muscle bulbus arteriosus that connects the ventricle to the ventral aorta (Grimes and 

Kirby, 2009).  The bulbus arteriosus is thought to protect the gills from high blood 

pressure arising at the ventricle and to prevent backflow (Albrecht et al., 2003; Santer, 

1985).  Although the function and the size of this vessel relative to the ventricle are 

different compared to the base of the great arteries of mammalians and avians, its 

developmental origin seems to be at least partially from the mesodermal heart fields.  The 

interface of the bulbus arteriosus with the most cranial myocardium at the outflow is 

strikingly similar to other vertebrates (Grimes et al., 2006).  The homology of the SHF 

and the resulting arterial pole structure suggests that the molecular mechanisms involved 

in tissue patterning would be conserved. 

Pathways in arterial pole development are also conserved between 
tetrapods and fish 

 To explore these mechanisms I first looked at Isl1 as an early marker of the 

second heart field and have shown that it is expressed in the zebrafish in the mesenchyme 

adjacent to the arterial pole.  In mice, Isl1 is restricted to the second heart field after the 

first heart field begins to differentiate.  Isl1 expression ceases as cells are added to the 

growing heart tube (Cai et al., 2003; Ma et al., 2008).  In the zebrafish, Isl1 is expressed 
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by differentiating myocardial cells that are in the process of forming the cardiac cone as 

well as in mesoderm where undifferentiated myocardial cells are located at the 14-somite 

stage.  This is similar to the enduring expression of Isl1 that has been observed in the 

fusing heart tissue of the early chick heart tube (Yuan and Schoenwolf, 2000).  While 

knockdown of isl1 produced no phenotype at the arterial pole in zebrafish (de Pater et al., 

2009), the Isl1-null mouse has a dramatic arterial and venous pole phenotype (Cai et al., 

2003).  This suggests conservation of Isl1 function in zebrafish is not strict in cardiac 

development.  Alternatively, it is possible that isl1 is subject to a gene duplication in 

zebrafish that has not been recognized. 

 I have also shown that Bmp signaling is highly active in arterial pole progenitors 

and in the myocardium, particularly in a subset of Isl1-positive progenitors, and also in 

the bulbus arteriosus at 72 hpf.  Exogenous Noggin, an inhibitor of BMP signaling, has 

been shown to delay differentiation in cultured SHF progenitors (Waldo et al., 2001).   

Bmp2 is expressed in the anterior lateral endoderm during myocardial induction.  Alsan 

and Schultheiss (2002) have shown that ectopic BMP2 induces Fgf8 expression in the 

chick when applied in low doses, beyond which BMP2 leads to a repression of Fgf8.  

These authors also showed that exogenous BMP2 applied in the absence of the endoderm 

of the chick embryo does not induce cardiac development.  However Fgf8, an 

endodermal factor during early cardiac induction, can induce ectopic cardiac 

differentiation.  All this implies that BMP2 acts upstream of FGF8 in early cardiac 

induction, by regulating Fgf8 expression in the endoderm, from which FGF8 signals to 

the cardiogenic mesoderm.  This interaction is dynamic given the conflicting roles of 
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BMP2 and FGF8 regarding proliferation and differentiation in the SHF later on in 

cardiogenesis (Prall et al, 2007; Hutson et al, 2006; Hutson et al., 2010).   

Our data are consistent with the observation of restricted Bmp2/4 expression in 

the mesoderm adjacent to the arterial pole after myocardial addition has ceased in chick 

(Somi et al., 2004).  Previous work has directly shown that BMP signaling drives 

myocardial differentiation in vivo in chick (Tirosh-Finkel et al., 2010).  BMP signaling 

also induces myocardial differentiation in chick SHF explants that can separately be 

induced to differentiate as smooth muscle with exogenous FGF8 (Hutson et al., 2010).  I 

confirm that Bmp signaling drives myocardial differentiation in zebrafish and further 

show that loss of Bmp signaling increases the size of the smooth muscle bulbus 

arteriosus, suggesting that the progenitor pool is temporally restricted in that reduced 

contribution to the arterial pole myocardium results in enhanced contribution to the 

bulbus smooth muscle. 

 In looking at nkx2.5 and fgf8, this work confirms the conservation of these genes 

in their role in vertebrate cardiac development.  My data show that, in the absence of 

nkx2.5/2.7 expression, bmp2b is significantly upregulated.  In the absence of fgf8, both 

nkx genes and bmp2b are downregulated significantly.  This implies that nkx2.5/2.7 

expression is required to limit Bmp signaling, while both nkx genes and bmp2b require 

normal Fgf8 function for maintenance in the embryo.  While the relationships between 

these genes and Bmp2 have individually been established in mouse and chick, these 

relationships have yet to be fully established in zebrafish.  The results presented here are 

preliminary, but the likely preservation of a genetic network incorporating fgf8, nkx2.5 
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and bmp2 demonstrates the importance of these genes for ventricular development.  

Furthermore, the role of fgf8 in chamber identity is established in the persistence of 

clonal colonies of cells expressing atrial markers in the ventricle.  This has been observed 

in the early heart tube in zebrafish in previous publications (Reifers et al., 1998). 

  The loss of bmp2b in the zebrafish leads to a loss of nkx2.5 expression (Reiter et 

al., 2001), much like the loss of nkx2.5 that occurs in ace mutants shown by Reifers et al 

(1998).  So induction of nkx2.5 in the zebrafish requires Bmp and Fgf signaling as in 

other vertebrates.  Nkx2.5 could downregulate bmp2b expression as the SHF is being 

added to keep cardiac progenitors not yet added to the early heart tube undifferentiated so 

that these cells can contribute to the poles of the heart tube at the appropriate time.  Any 

perturbation of this regulatory loop leads to a disruption of the outflow tract as in mouse 

(Prall et al., 2007).  My data show that bmp2b is the relevant Bmp2 homologue in 

zebrafish for cardiac development.  The activity of nkx2.5/2.7 and fgf8 are essential for 

maintaining the correct level of bmp2b in the embryo, and without this balance of 

upregulation from Fgf8 and downregulation from Nkx2.5/2.7 during early heart tube 

formation, the rate of differentiation in the SHF at 30 hpf is adversely affected.   As far as 

the smooth muscle of the bulbus arteriosus is concerned, it is interesting to note that when 

Bmp signaling is increased by knocking down nkx2.5/2.7, the bulbus arteriosus is 

significantly smaller than in controls.  Whereas, when Bmp signaling is decreased by 

chemical inhibition or by the absence of fgf8, the bulbus either appears to be close to 

normal size, or larger.  This suggests that Bmp signaling plays a role in limiting smooth 

muscle differentiation at the arterial pole, but does not directly promote it.  This provides 
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further in vivo evidence for a balancing act between BMP signaling and FGF8 in 

influencing SHF progenitor fate (Hutson et al., 2010; Tirosh-Finkel et al., 2010).  Further 

work could include quantifying any changes in nkx2.5/2.7 and fgf8 in fish lacking Bmp 

signaling as the SHF is being added.  With chemical inhibition using dorsomorphin, this 

study can be targeted to a specific timeframe. 

 In addition to these markers, I have also explored the roles of Hedgehog signaling 

and Tbx1 transcriptional regulation.  Tbx1 is expressed in the mesoderm and endoderm of 

the pharyngeal region and is known to be necessary for myocardial and endocardial 

addition to the arterial pole.  The loss of Tbx1 in mice leads to septation defects in the 

ventricle and the arterial pole, as well as defects in other cranial neural crest derived 

structures like parts of the inner ear and the thymus (Chapman et al., 1996; Huynh et al., 

2007; Merscher et al., 2001).  The SHH pathway is also known to regulate Tbx1 

expression in the pharyngeal region though multiple Forkhead transcription factors 

(Yamagishi et al., 2003).  Smoothened, the transmembrane protein that is activated in the 

presence of Hedgehog ligands, is required for all Hedgehog signaling.  I used the smo 

mutant, in which all Hedgehog signaling is eliminated (Varga et al., 2001).  Recent work 

has shown that the SHH pathway promotes proliferation in the chick SHF progenitors in 

vivo (Dyer and Kirby, 2009b).  Additionally, the loss of Hedgehog signaling has been 

shown to reduce the size of the heart fields in the zebrafish blastula (Thomas et al., 2008).  

Our data support the preliminary investigations of Grimes and Kirby (2009), which had 

investigated the arterial pole phenotypes of tbx1 and smo mutants in section at 96 hpf, 
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and indicate that the role of these genes in arterial pole development is conserved in 

teleosts. 

 Based on data from this thesis and previously published work, a probable 

molecular network for myocardial differentiation involving the pathways studied here 

could be very linear (Fig. 24).  Isl1 would drive Hedgehog signaling as established by Cai 

et al in mouse (2003).  This would drive activation of Fgf8 signaling via Tbx1, based on 

the observation that Shh signaling controls Tbx1 through Forkhead transcription factors 

in mouse (Yamagishi et al., 2003), and also Tbx1 regulated Fgf8 signaling through the 

promoter of Fgf8 directly (Hu et al., 2004).  Fgf8would then play off Nkx2.5 and Nkx2.7 

against Bmp2b, with the lattermost driving myocardial differentiation.  Fgf8 signaling 

would promote proliferation (Hutson et al., 2006; Ilagan et al., 2006) while modulating 

the level of Bmp signaling driven differentiation through Nkx2.5/2.7 based on work on 

the Nkx2.5 mutant in mouse (Prall et al., 2007).  Such a network would serve to maintain 

a population at the arterial pole that could be rapidly called upon to contribute 

myocardium to the elongating heart tube.  The factors driving Bmp signaling in cells that 

are differentiating as opposed to those being kept as progenitors requires more work, and 

would be an interesting avenue for further work in zebrafish, as would analysis of the 

mechanisms required for smooth muscle differentiation from the same SHF progenitors.  

While Fgf8 has been shown to drive smooth muscle differentiation in vitro in chick 

(Hutson et al., 2010), the mechanism behind this transition in the role of Fgf8 remains 

obscure for now.  The zebrafish model could resolve this question. 
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Figure 24. Model for myocardial differentiation from the SHF. 

SHF progenitors are portrayed in green and differentiating/differentiated 
cardiomyocytes are portrayed in red.  Arrows indicate activation and lines indicate 
inhibition.  The question mark addresses as yet uncovered mechanisms that drive 
myocardial differentiation through Bmp signaling at the developing arterial pole. 

 

 In conclusion, these data demonstrate conservation of all the steps in development 

of arterial pole progenitors prior to septation.  Abnormal development of SHF progenitors 

has been shown to underlie many conotruncal defects that are seen in neonates (Hutson et 

al., 2006; Ward et al., 2005).  The conservation of pathways needed for arterial pole 

development in an organism lacking outflow septation establishes the importance of these 

pathways in tissue patterning and strongly suggests that these pathways were 

incorporated from their roles in tissue patterning into the process of outflow septation in 
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evolutionary history.  In chick and mouse, pathways relevant to the cardiac arterial pole 

also play crucial roles in the patterning of the great arteries (Creazzo et al., 1998; Hiruma 

et al., 2002).  Understanding the role of these pathways in branchial arch artery 

development is ongoing in zebrafish.  Given the adult symmetry of the zebrafish arterial 

system (Ellertsdottir et al., 2010), we can expect to see considerable differences that 

would reflect this uniformity compared to the asymmetry of arch artery formation in 

birds and mammals.  The participation of neural crest in cardiac development remains 

unclear, but understanding this will be essential to having a complete picture of arterial 

pole development in the zebrafish. 

 In addition to showing conservation in established pathways, this work has 

established the relationship between heart field movement during fusion and the location 

of progenitors within the heart field.  This work also shows that Bmp signaling is relevant 

to zebrafish arterial pole development, which was previously unreported.  Bmp signaling 

has now been shown to be needed to limit smooth muscle differentiation in vivo for the 

first time.  The preliminary data presented suggests that Fgf8 operates independently of 

Bmp signaling at the arterial pole in the differentiation of the smooth muscle.  The 

transparent zebrafish embryo is a valuable model for live cell tracing and genetic studies, 

and will continue to be a great resource for those studying the arterial pole. 

 The establishment of a homologous arterial pole in zebrafish now opens up the 

possibility of mass screening for arterial pole defects in zebrafish mutant libraries.  Such 

scale can dramatically increase the search for genes that are expressed in arterial pole 

development.  The zebrafish model can also be used efficiently in identifying toxins that 
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affect arterial pole development.  In the short term, the homology of the arterial pole in 

zebrafish will allow for analysis of this structure in the absence of any partial or complete 

septation, which is not possible in tetrapod models currently in use.  The next priority of 

establishing the evolutionary links in vertebrate cardiac arterial pole development should 

be determining the contribution of the neural crest to the arterial pole.  It would be 

interesting to fully understand the link between genes that affect the arterial pole in 

zebrafish, and how neural crest behaves in their absence.  An equally important avenue of 

investigation is understanding how myocardium is co-opted into the zebrafish ventricle 

after heart tube formation, to form a single chamber, instead of the truncus arteriosus 

observed in Xenopus (Lee and Saint-Jeannet, 2011) or the more extensive arterial poles 

observed in other fish species (Grimes et al., 2010).   This would all be valuable for 

understanding the role of the second heart field in evolutionary history and the possible 

emergence of a separate right ventricle. 

 Aside from evolutionary work and carrying out various screens, the zebrafish 

model will permit the analysis of molecular networks that are needed for myocardial and 

smooth muscle differentiation.  This will be contingent on the resolution of the 

contribution of neural crest to the arterial pole, which is yet to be clarified.  The zebrafish 

model allows analysis of the arterial pole in the absence of septation, while also 

possessing a ventricle in which cells can be easily counted.  If an acceptable method of 

quantifying the size and cell number of the smooth muscle in the bulbus arteriosus can be 

established, the zebrafish model can, with unparalleled precision, address the molecular 

pathways needed for cardiac progenitor fate determination that have begun to be 
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uncovered in chick thus far (Hutson et al., 2010, Tirosh-Finkel et al., 2010).  Of particular 

interest would be uncovering the mechanisms that switch the fates of SHF progenitors 

through BMP and FGF signaling.  Understanding the pathways that direct myocardial 

versus smooth muscle differentiation will be of great public health significance in 

potentially identifying and rectifying arterial pole defects in neonates with minimal 

intervention. 
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Chapter 5:  Materials and Methods 

Embryo collection and preparation 

Zebrafish (Danio rerio) were maintained following the protocols described by 

Westerfield (1993), and Nüsslein-Volhard and Dahm (2002).  The protocol was approved 

by the Duke IACUC.  Where indicated, Tübingen wildtype fish (Tu), Tg(cmlc2::GFP) 

(Huang et al., 2003; kindly provided by Deborah Yelon [UCSF]), Tg(gsc::GFP) 

(Doitsidou et al., 2002; kindly  provided by Deborah Yelon), tbx1tm208/+ (AB) (Piotrowski 

et al., 2003; kindly provided by Tatjana Piotrowski [University of Utah]),  fgf8ati282/+ 

(AB) (Reifers et al., 1998; kindly provided by R. Craig Albertson [Syracuse University]), 

smob641/+(AB) (Varga et al., 2001; kindly provided by Stephen Devoto [Wesleyan 

University]), Tg(sox10::eGFP) (Carney et al., 2006; kindly provided by Thomas Schilling 

[UC Irvine]), Tg(cmlc2::GFP); tbx1tu208/+(AB), and Tg(cmlc2::GFP); smob641/+(AB) were 

used to obtain embryos.  Genotyping for tbx1tu208/+ (AB) histological sections was done 

with primers as described by Piotrowski et al (2003). 

Genotype Identification 

 Tail samples clipped from adults were incubated at 55oC for 2-3 hours in 

genotyping buffer (10mM Tris-Cl pH 8.2, 10mM EDTA pH 8.0, 200mM NaCl, 0.5% 

SDS and 200μg/mL Proteinase K).  The tissue was vortexed and kept at 55oC until 

dissolved.  The lysate was spun down at 14000rpm for 5 minutes at 4oC to remove 

undissolved pigment and debris.  For tissue obtained from slides, the scrapings were 

digested with 200μg/ml Pro K at 55oC for 3 hours, then boiled with 2.5% Chelex-100 for 

10 minutes to remove mounting media from the slide.  The solution was spun down at 
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10,500g while hot for 15 minutes.  In both cases, the gDNA was precipitated from the 

lysate with cold isopropanol and the gDNA was spun down at 14000rpm for 30 minutes 

at 4oC.  The resulting DNA was resuspended in dH2O and used for subsequent PCR.  The 

PCR product was then digested overnight to determine the presence or absence of a 

mutation.  The primers and corresponding enzymes used for each genotype analyzed are 

given in Appendix A. 

DiI Labeling 

DiI (2.5 mg/ml) in DMSO was injected with a glass pipette using a Picospritzer II 

injector, into the branchial region through the dorsal side of Tg(cmlc2::GFP) zebrafish 

embryos at 24-36 hpf.  The embryos were anesthetized with 0.016% tricaine and 

embedded in 3% methylcellulose for stability during injection and then placed in embryo 

medium until observation at both 48 and 72 hpf.  Embryos were again anesthetized and 

placed in 3% methylcellulose while pictures were taken. 

Blastula fate mapping 

Tg(gsc::GFP) zebrafish embryos were injected with approximately 0.2nl of a 

2.5% solution of lysine-fixable caged fluorescein : rhodamine dextran (1:1 v/v) 

(Molecular Probes) dissolved in 0.2M KCl, at the 1-cell stage.  The unfixable rhodamine 

permitted visualization of the photolabeled cells independently of GFP while the fixable 

fluorescein permitted immunolabeling of the resulting progeny.  Embryos were kept in 

the dark until 40% epiboly stage.  These were then placed into 2% agarose molds.  Using 

goosecoid::GFP expression to determine orientation, caged dye was photoactivated using 
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a 368nm pulsed nitrogen laser focused through a 40X water-immersion objective.  

Embryos were again kept in the dark until 72 hpf and then fixed in 4% paraformaldehyde 

(PFA) overnight at 4oC.   

ALPM fate mapping 

For cell tracing at later stages Tübingen, Tg(cmlc2::GFP) or Tg(sox10::eGFP) 

embryos were injected at the 1-cell stage with either fluorescein dextran only, or in the 

case of Tg(sox10::eGFP) embryos, with a fluorescein/rhodamine combination as 

described above.  These were kept in the dark until the 6-8 somite stage prior to 

photoactivation, then embedded in 1% low-melt agarose (Lonza) in distilled water.  

Using the notochord and neural plate as references, caged dye was photoactivated as 

described above.  Embryos were kept in the dark to the desired stage, then fixed in 4% 

PFA.   

Dorsomorphin Application 

Dorsomorphin (Sigma-Aldrich), a selective small molecule inhibitor of BMP 

signaling was dissolved in DMSO at a concentration of 5mM and diluted to either 20µM 

or 40µM in embryo medium at the time of application.  Embryos were dechorionated and 

kept in the dark during application.  After treatment, embryos were fixed with 4% PFA 

and immunolabeled as described below. 

General Immunolabeling 

For morphological observations embryos were anesthetized and fixed in 4% PFA, 

then left in methanol overnight at -20oC.  Once rehydrated in PBST (1X PBS and 0.1% 
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Tween-20), embryos were then placed in blocking solution (1% BSA (w/v), 0.5% Triton-

X, 5% NGS in 1X PBS) for 2 hours and then incubated with primary antibodies 1:10 

MF20 (Myosin, sarcomere, Developmental Studies Hybridoma Bank, University of Iowa, 

IA), 1:10 S46 (Slow Myosin Heavy Chain 1,2,3, Hybridoma Bank) and 1:1000 anti-Eln2 

(anti-Tropoelastin2; provided by Fred W. Keeley [University of Toronto]) in blocking 

solution overnight at 4oC.  For 39.4D5 (Islet-1 homeobox, Hybridoma Bank) and anti-

phosphorylated-Smad1/5/8 (Cell Signaling) labeling, embryos were blocked in blocking 

solution with 0.3% Triton-X for 2 hours and then incubated with primary antibodies 1:10 

MF-20 or CT3 (Cardiac troponin T, Hybridoma Bank), 1:100 39.4D5 and 1:100 α-p-

Smad1/5/8 in blocking solution overnight at 4oC.  For all fluorescent 

immunohistochemistry appropriate secondary antibodies were applied at 1:200 for 2 

hours at room temperature. 

For fluorescein labeling, previously fixed embryos were dehydrated in methanol 

and kept at -20oC overnight, then serially rehydrated in PBST.  Embryos were 

permeabilized by 10mg/ml proteinase K treatment and heating at 65oC for 10 minutes.  

Blocking was performed with 5% sheep serum and 2 mg/ml BSA in PBST, after which 

embryos were incubated overnight in a 1:5000 dilution of alkaline phosphatase 

conjugated anti-fluorescein antibody (Roche).  The labeled cells were visualized using 

NBT/BCIP (Roche) or Fast Red (Roche) staining. 

GFP Signal Amplification 

For 14-somite stage Tg(cmlc2::GFP) embryos, photoactivation of cardiac 

progenitors was conducted as above at the 7-somite stage.  Embryos were dehydrated in 
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methanol after fixation and kept at -20oC overnight, then serially rehydrated in PBST.  

Embryos were permeabilized as described above, then blocked in 10% NGS, 2% BSA in 

PBST followed by incubation in rabbit anti-GFP 1:1000, overnight at 4oC.  After washing 

in PBST the embryos were blocked again for 1 hour at room temperature, and then 

incubated in anti-rabbit IgG HRP (1:1000) for 1.5 hours at room temperature.  After 

further washing with 1X PBST the TSA-Plus Tetramethylrhodamine System (Perkin 

Elmer) was applied according to the manufacturer’s instructions with the fluorophore-

conjugated tyramide applied at 1:1000 in the reaction buffer. 

Histology 

Labeled embryos were dehydrated in methanol, transferred into Histoclear 

(National Diagnostics) for 20 minutes and embedded in paraffin at 56oC.  The cooled 

blocks were then sectioned using a Leica RM2135 microtome, with a thickness of 8μm 

for each section.  The resulting sections were then placed on slides overnight at around 

42oC.  These slides were then deparaffinated with xylene, rehydrated and coverslipped 

with ProLong Gold Antifade (Invitrogen). 

In situ analysis 

After photoactivation of cells in the heart field, embryos were fixed at the 7-8 

somite stage in 4% PFA overnight at 4oC, then dehydrated in methanol and kept at -20oC, 

overnight.  After rehydration into PBST, embryos were permeabilized as described 

above.  Embryos were then hybridized with a digoxygenin-conjugated riboprobe to 

hand2 at 67oC, overnight.  The construct was provided by Deborah Yelon (UCSF) 
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(Schoenebeck et al., 2007).  Following hybridization, embryos were rinsed and 

transferred into PBST, then incubated in anti-digoxygenin antibody (Roche) in a dilution 

of 1:5000 in 2% sheep serum and 2mg/ml BSA overnight at 4oC.  The hand2 expression 

domain (blue/brown) was visualized using an NBT/BCIP solution. 

Morpholino Injections 

 Tübingen wildtype embryos at the 1-cell stage were injected with 2.5ng of the 

nkx2.5 morpholino (5’-GCCCGACTGTTAAGGCTCACCTTTT-3’) and 1.5ng of the 

nkx2.7 morpholino (5’-CACATGCCTGAAAAAGAAAGCAATC-3’), or a standard 

control morpholino (5’-CCTCTTACCTCAGTTACAATTTATA-3’), with a 

concentration yet to be determined based on effectiveness.  Observations of phenotype 

will were done at 24 hpf and 48 hpf.  Changes in gross cardiac morphology were 

observed after appropriate immunohistochemical labeling as described above. 

Real Time Quantitative PCR 

Embryos at the desired stage were anesthetized and killed, after which the RNA 

of approximately 50-100 embryos was isolated using Trizol (Invitrogen) based on 

manufacturer’s specification.  Once completed, mRNA was isolated and purified using 

the Qiagen RNeasy kit (Qiagen) from embryos at the desired times.  Once the mRNA 

was quantified, cDNA was reverse transcribed by incubating 30 μl mRNA, 2 μl random 

hexamer primers, and 1 μl dNTPs for 5 min at 72 °C; then adding 9.5 μl 5× reaction 

buffer, 3 μl 0.1MDTT, and 1 μl RNase inhibitor and incubating for 2 min at room 

temperature; and finally adding 1 μl superscript II (Invitrogen) and incubating for 2 h at 
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37 °C.  cDNA was stored at −20 °C.  Subsequent PCR was carried out using the primers 

listed in Appendix B, and using iQ Syber-Green Supermix (Bio-Rad) according to the 

manufacturer’s specifications.  All reactions were done in triplicate.  Controls were 

determined based on the correlation with these genes and total RNA load in the 

developing zebrafish embryo between 24 hpf and 72 hpf (Erwin and Kirby, unpublished).  

Normalized expression rations and standard error were determined using a statistical 

analysis program developed for qPCR data, REST 2008 v2.0.7 (Pfaffl et al., 2002). 

Imaging 

Imaging of whole mount embryos was done using a Leica MZ FLIII upright 

microscope or a Nikon SMZ1500 upright microscope.  Embryos were secured in position 

using either 3% methylcellulose (Sigma-Aldrich) or 1% low melt agarose in embryo 

medium.  All imaging for sections was done using a Leica DMR AZ upright 

deconvolution microscope.  Confocal imaging was done using a Zeiss LSM 510 inverted 

microscope made available at the Duke University Light Microscopy Core Facility.  

Resulting images were assembled using Adobe Photoshop CS3, and diagrams were 

assembled using Adobe Illustrator 9.0. 
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Appendix A: Primers used for genotyping 

 

tbx1tm208: Forward: 5'-GCTCTGGAGTGAACTTGATTACCTG-3' 

  Reverse: 5'-AACGGTCAAGTAGGCCTGTAGCTAC-3' 

  Resulting fragment is digested with AlwnI (New England Biolabs). 

 

smob641: Forward: 5'-GTCGGCTATAGGTATTATGAAGATC-3' 

  Reverse: 5'-TGCTTTTAATGGAAAACAATGTCA-3' 

  Resulting fragment is digested with DdeI (New England Biolabs) 

 

fgf8ati282a: Forward: 5'-CTTCGGATTTCACATATTTATGCCCGTA-

TGTATGCATATC-3' 

Reverse: 5'-CAGTTTTAGTAAGTCACAAAAGTGATGA-

CTTTTTCAGATA-3' 

Resulting fragment is digested with EcoRV (New England Biolabs) 
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Appendix B: Primers used for qPCR 

 

bmp2b : Forward: 5'-GCTGGACTTGTATTATATGCACTC-3'  

Reverse: 5’-CTCGAAAGCCTCTTCGTG-3' 

nkx2.5 : Forward: 5'-AAAGACATCGGCTGTTGTC-3'  

Reverse: 5'-AGAACATTGGCTAGGTGGTC-3' 

nkx2.7 : Forward: 5'-GGAGAACAGGTGAAATGCG-3'  

Reverse: 5'-GACACATGCTTGTTTCTTCG-3' 

eif1b:  Forward: 5'-GCCTTCAAGAAGAAATTTGCC-3' 

  Reverse: 5'-CCGTGGACTTTGAGCTG-3' 

atpsf1:  Forward: 5'-GAGGTGAAGAAGAGGCTG-3' 

  Reverse: 5'-CTCCTTCTCCTGCTGTG-3' 

sdha:  Forward: 5'-TCTGGTGGAAACGCTGG-3' 

  Reverse: 5'-CACACGATCCTTGAAGTCCT-3' 
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