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Abstract

Heart tube morphogenesis: genetic and cellular analyses in zebrafish

Le A. Trinh

In all vertebrates, the cardiac progenitors arise from bilateral populations of cells

within the anterior lateral plate mesoderm (ALPM). These bilateral populations undergo

a medial migration to the midline and fuse to form the linear heart tube. During

morphogenesis, the ALPM is exposed to intrinsic and extrinsic signals that restrict and º º
define cell fates within the tissue to the myocardial fate. While several genes have been

implicated in determining myocardia fate and movement to the midline, we know little :-
*a*-*

about the cellular mechanisms regulating this process. In this dissertation, I characterize º

the cellular architecture of the myocardial precursors and show that they undergo ;
-

º
epithelial maturation during their migration to the midline. Mutant analyses indicate that {...

natter (nat) regulates myocardial migration and is required for the integrity of the &
****

myocardial epithelia. Through positional cloning of the nat locus, I show that nat

encodes Fibronectin. This finding led to the analyses of Fibronectin deposition during

myocardial migration. Using various genetic mutant backgrounds, I demonstrate that

Fibronectin deposition at the midline is required for the timely migration of myocardial

precursors while Fibronectin deposition around the myocardial precursors is required for

epithelial organization. These data have led to a new model for myocardial migration

that is dependent on epithelial integrity.

Based on my initial observation that the myocardial precursors undergo epithelial

maturation, I have also characterized epithelial formation in myocardial differentiation

vi



mulants. From the

■ ºulalor of myocar

Additionally, I have

sºme, Galas in myoc,

*independent y

ºthelial identity and

Finally, have

$gal ºstricts the SI/º

ºlded in concentra

*ision of the ALPA

Taken together.



mutants. From these analyses, I show that the transcription factor Hand 2, a critical

regulator of myocardial differentiation, regulates myocardial epithelial formation.

Additionally, I have examined the requirement of a second myocardial differentiation

gene, Gata■ in myocardial epithelial polarization. These analyses suggest that Hand2 and

Gata■ independently regulate two processes in myocardial differentiation: myocardial

epithelial identity and proper myocardial cell number.

Finally, I have used the small molecule concentramide to provide evidence that a

signal restricts the size of the ALPM. I demonstrate that the myocardial populations are

expanded in concentramide treated embryos. Furthermore, this expansion reflects an

expansion of the ALPM. These results have implications on the regulation of the LPM.

Taken together, these data provide new insights into the genetic and cellular

mechanisms that drive heart tube morphogenesis.

\
**

Didierstainier, Committee Chair
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CHAPTER 1: Introduction

The formation of the heart tube is an excellent model for understanding the

processes of specification, differentiation and morphogenesis during development. Heart

tube formation involves inductive signals that specify the diverse cell lineages of the

heart from pluripotent mesodermal cells. These different cell types undergo coordinated

cell movements and cell-cell interactions to form the functioning heart tube that is
*- - - *

comprised of two layers, an outer muscular layer, the myocardium, and an inner º:º
º

º

endothelial layer, the endocardium. The myocardial cells are further subdivided into º º
º

atrial and ventricular cell types that have distinct histologic and physiological . º

characteristics. The regulatory events involved in specification and differentiation of sº -

these multiple cell lineages are coordinated with morphogenetic processes within the =~

embryo to form a functioning organ. Understanding the regulatory events of heart tube 5. --

formation will provide fundamental insights into the principles underlying organogenesis. {...
-

Many of the characteristics of the zebrafish have allowed it to emerge as a $º
º

--~~~
powerful vertebrate model organism for the study of cardiac development. The external

fertilization, rapid development and optical clarity of the zebrafish provide distinct

advantages for the study of organogenesis. The zebrafish heart can be easily observed

throughout the stages of its development as it is prominently positioned at the ventral

midline of the embryo. As in all vertebrates, the zebrafish heart is the first internal organ

to form and function. It begins to beat at 22 hours postfertilization (hpf) and circulation

is initiated by 24 hpf. In addition to the rapid development, the ability to combine

genetics with embryology and cell biology to investigate lineage relationship, cell

behavior and molecular networks has greatly facilitated our understanding of the
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regulatory processes underlying heart development. In the following chapter, I will

provide a description of the steps of heart tube formation, discussing morphogenetic

processes at each stage as well as regulatory events and gene expression patterns that

have provided an invaluable foundation for my thesis work on heart tube morphogenesis

in zebrafish.

II. Stages of heart tube development

Our understanding of heart tube morphogenesis as it occurs in zebrafish comes

from a combination of lineage analyses, gene expression studies and mutations that affect

various steps in this process. From these studies, heart tube development can be divided

into two phases: early heart tube formation and subsequent remodeling of the heart tube.

Early heart tube formation involves formation of the heart field, migration and fusion of

the bilateral precursor population at the midline, and heart tube elongation. The

remodeling of the heart tube occurs with the looping of the linear tube followed by valve

formation and myocardial remodeling. While the later stages of heart tube

morphogenesis are essential in the formation of a functioning heart, my thesis work has

focused on the early stages of prior to heart tube formation, mainly the migration and

maturation of the myocardial precursors. Therefore, I will focus on the early steps of

heart tube formation and elaborate upon these steps in the following sections by

providing a description of the morphological changes that occur at each step followed by

a discussion of the regulatory events.

A. Formation of the heart fields
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Lineage analyses indicate that cardiac progenitors reside in the first four tiers of

marginal blastomeres in the early blastula (Stainier et al., 1993; Warga and Nüsslein

Volhard, 1999; Keegan et al., 2004). Within the marginal blastomeres, the cardiac

progenitors are located bilaterally around 90°-180° from the dorsal midline (Figure 1.1A).

This cardiac region encompasses both endocardial and myocardial progenitors. The

endocardial and myocardial cells share a common progenitor prior to gastrulation as

labeling a single cell within the cardiac region in either the early or midblastula results in

progeny contributing to both lineages (Lee et al., 1994). This is not the case with respect

to atrial and ventricular lineages (Stainier et al., 1993). Labeling a single cell in the early

blastula results in progeny contributing to both the atrium and ventricle, while a single

cell labeled in the midblastula contributes to either to the atrium or the ventricle. These

results suggest that the cardiac progenitors have acquired positional information by the

midblastula stage embryo. More recent fate maps of the ventricular and atrial myocardial

progenitors indicate that this positional information is in the form of spatial arrangement.

Prior to gastrulation, the ventricular progenitors are found closer to the dorsal midline and

the embryonic margin than the atrial progenitors (Keegan et al., 2004). Furthermore,

Nodal signaling in the embryonic margin regulates the fate of ventricular myocardial fate

as injections of antagonists of Nodal signaling results in the reduction of ventricular

myocardial cells (Keegan et al., 2004). These results indicate that patterning of cardiac

chamber is influenced by signals during gastrulation.

During gastrulation, cardiac progenitors are among the first mesodermal cells to

involute (Warga and Kimmel, 1990). After involuting, they move towards the animal

pole and converge dorsally towards the embryonic axis (Stainier and Fishman, 1992;
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Keegan et al., 2004). At the end of gastrulation, the cardiac progenitors arrive on either

side of the embryonic midline, where they reside as subpopulations of cells within the

anterior lateral plate mesoderm (LPM) (Figure 1.1B). At the onset of somitogenesis, the

LPM begins to express a number of myocardial differentiation genes. These

differentiations factors include the homeodomain gene, nkx2.5, and a number of gata

genes (4/5/6), which appear to define the cardiac fields within the anterior LPM.

Both the myocardial and endocardial precursors arise from the anterior LPM,

thus, the patterning and differentiation of the LPM is critical for heart tube formation.

Morphologically the anterior LPM starts out as narrow bilateral stripes of tissues on

either side of the midline. During mid-somitogenesis (10- to 20-somite stages), these

bilateral stripes undergo a spreading process in which they expand along the mediolateral

extent of the embryo. Within the LPM, a number of myocardial differentiation genes are

expressed in overlapping patterns.

The bFILH transcription factor hand2 is expressed throughout the A-P extent of

the LPM at the onset of somitogenesis (Yelon et al., 2000). At the 10-somite stage,

hand2 expression segregates between the anterior and posterior domains of the LPM such

that a gap forms between the two expression domains. As the anterior LPM spreads,

hand2 expression becomes broader in the anterior expression domain, while the posterior

domain remains narrow. The expression pattern of hand2 is consistent with its role in

LPM morphogenesis and myocardial differentiation as mutations in hand2 result in a lack

of LPM spreading and myocardial differentiation defects (Yelon et al., 2000).

Members of the Gata family of transcription factor genes (4/5/6) are also

expressed in the LPM. Gata genes are critical regulators of myocardial differentiation
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and participate in intricate cross-regulatory networks during embryogenesis (Kuo et al.,

1997; Molkentin et al., 1997; Charron et al., 1999; Reiter et al., 1999; Koutsourakis et al.,

1999). At the 5- to 10-somite stage, gata4/5/6 expression domains correspond to

different A-P extent of the anterior LPM (Figure 1.2). gata4 expression in the anterior

LPM extends to the optic cup and ends posterior to the anterior tip of the notochord

(Serbedzija et al., 1998; Heicklen-Klein and Evans, 2004). gataj expression extends

posterior to the gata4 expression domain but does not appear to mark the entire LPM

when compared to hand2 expression (Heicklen-Klein and Evan, 2004; Yelon et al.,

2000). Although gata.0 expression extends more posteriorly than gata4, its expression

domain is shorter than that of the gata 5 expression domain (Heicklen-Klein and Evans,

2004). These overlapping expression patterns in the anterior LPM are consistent with the

cross-regulation observed among the Gata family of transcription factors. Gataff null

mice die at E5.5 and fail to express Gata4 (Koutsourakis et al., 1999). Similarly, gata■

mutants in zebrafish exhibit a reduction in gata4 expression in the LPM and

overexpression of gata■ is sufficient to induce ectopic expression of gata4 and gataff

(Reiter et al., 1999). Thus, the patterns of overlapping genes may define an overall code

for the differentiation of myocardial and endocardial precursors.

The cardiac field, as defined by the expression of the homeodomain gene nkx2.5,

occupies a subdomain of the anterior LPM (Chen and Fishman, 1996). nky 2.5, the

homolog of Drosophila tinman, is expressed in the myocardial precursors in all

vertebrates (Lints et al., 1993; Komuro and Izumo, 1993; Tonissen et al., 1994;

Schultheiss et al., 1995). In Drosophila, the tinman mutation results in a complete lack

of heart formation (Bodmer et al., 1990). In zebrafish, nkx2.5 expression in the anterior
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LPM is initially detected at the 5-somite stage (Alexander and Stainier, 1999). At the 10

Somite stage, nkx2.5 expression in the LPM extends posteriorly to the otic vesicle and

anteriorly to halfway between the notochord and the eye (Figure 1.2) (Serbedzija et al.,

1998). The anterior tip of the notochord marks the median of the nkx2.5 expression

domain. The A-P boundary of the nkx2.5 expression domain is maintained throughout

the migration stages. Thereafter, nkx2.5 is expressed throughout the embryonic

myocardium.

Expression of nkx2.5 anterior to the notochord appears to define the cardiac field. º
-

* -- -

Lineage analyses of the LPM indicate that only cells anterior to the notochord in the * * * --

nkx2.5 expression domain contribute progeny to the myocardium (Goldstein and º: º

Fishman, 1998). Additionally, when the cardiac progenitors are ablated only LPM cells 3- ---

lateral and anterior to the normal cardiac progenitors can compensate for the ablated cells sº *

(Serbedzija et al., 1998). Therefore, the ability to contribute to the heart is limited to the 3.

region of the LPM anterior to the notochord and not all nkx2.5 expressing cells contribute &
to the myocardium. --

Within the LPM, myocardial specific gene expression initiates at the 13-somite

stage with the expression of distinct myosin genes in the bilateral populations of

myocardial precursors (Yelon et al., 1999), cardiac myosin light chain 2 (cmlc2)

expression overlaps with that of nkx2.5 but is more restricted. The posterior boundary of

cmlc2 expression aligns with the anterior boundary of the notochord, while nkx2.5

expression extends beyond the tip of the notochord (Figure 1.2) (Yelon et al., 1998). As

development proceeds, the bilateral stripes of cmlc2-expressing cells delineate the

migration pattern of the myocardial precursors (see section on migration to the midline).
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At 18-somite, cmlc2 expression resembles a butterfly pattern, with the medial cmlc2

positive cells making contact at the midline. By 21-somite when myocardial fusion is

completed, cmlc2 expression marks the cardiac cone. Subsequently, cmlc2 expression is

maintained in the myocardium throughout development.

Myocardial ventricular specific gene expression also initiates at the 13-somite

stage. At this stage, ventricular myosin heavy chain (vmhc) expression is restricted to the

medially located cells of the bilateral myocardial populations (Yelon et al., 1998). These

medial cells compose the leading edge of the migrating myocardial precursors,

Suggesting that ventricular precursors may play an essential role in the migration process.

Additionally, the early expression of vnhc indicates that the myocardial precursors

exhibit molecular chamber identity prior to morphological differences.

Known myocardial atrial specific gene expression begins at the 19-somite stage

with the expression of the atrial myosin heavy chain (amhc) (Berdougo et al., 2003). At

this stage, amhc-positive cells mark the outer portion of the forming cardiac cone as

defined by cmlc2 expression. The inner portion of the cardiac cone expresses vmhc.

Thus, the expression pattern of amhc and vnhc are complementary to each other. As

heart tube morphogenesis proceeds, the two complementary expression patterns are

maintained. The segregation of amhc and vnmhc expression at these early stages, indicate

that the myocardial precursors are patterned before heart tube formation.

B. Migration to the midline

After the cardiac progenitors arrive on either side of the midline, they undergo a

secondary migration towards the midline, where they fuse to form the cardiac cone

*-ºn

º
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(Figure 1.1C, C'). At the 16-somite stage, the myocardial precursors are positioned on

either side of the midline, ventral to the anterior endoderm and dorsal to the yolk

syncytial layer (YSL) (Stainier et al., 1993). By the 18-somite stage, these bilateral

populations have moved toward the midline to make contacts medially (Yelon et al.,

1999). The initial contact by the medial myocardial precursors is followed by fusion of

the more posterior domain. At the 21-somite stage, the anterior domains fuse to form a

cone with a central lumen occupied by endocardial progenitors (Figures 1.1C and
*r-- - - -

C’)(Yelon et al., 1999; Stainier et al., 1993). Although, myocardial migration has been º:
- *

described to proceed in an organized fashion, it is unclear whether the myocardial - º
* - *

precursors move as a coherent population or as individual cells that are responding to º: - - -
* -

environmental cues. º º

zºº * -Large-scale genetic screens in zebrafish have identified eight mutations, hands off

(han), faust (fau), casanova (cas), bonnie and clyde (bon), one-eye pinhead (oep), natter ---

(nat), miles apart (mil) and two-of-heart (toh), that disrupt the medial migration of the *.------" "
-

- * -

myocardial precursors, resulting in the formation of two separate hearts, a phenotype ---.
*****

referred to as cardia bifida (Chen et al., 1996; Stainier et al., 1996; Alexander et al., 1998).

Analyses of these mutants have led to the identification of several requirements for the

coordinated movement of myocardial precursors to the midline. First, myocardial

differentiation appears to be critical for migration as mutations that disrupt myocardial

differentiation (e.g. han, fau and oep) all exhibit migration defects (Schier et al.,

1997;Reiter et al., 1999; Yelon et al., 2000; Reiter et al., 2001). The han mutation

encodes the bhLH transcription factor Hand? and appears to regulate both the number of

myocardial precursors and myocardial migration (Yelon et al., 2000). hand2 is expressed
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exclusively in the LPM during myocardial migration suggesting that an aspect of the

migration process is autonomous to the myocardial precursors.

Second, the anterior endoderm appears to be essential for myocardial migration as

mutants that lack the anterior endoderm (e.g. cas, bon, fau and oep) display cardia bifida

(Schier et al., 1997; Alexander et al., 1999; Reiter et al., 1999; Kikuchi et al., 2000).

Additionally, chimera and cell transplantation analyses in mouse and zebrafish indicate

that wildtype endoderm when transplanted into a subclass of cardia bifida mutants can

rescue myocardial migration (Narita et al., 1997; David and Rosa, 2001). Though these

studies point to the involvement for the endoderm in myocardial precursor migration, the

basis of this requirement remains to be determined.

Finally, signaling mediated by the sphingosine 1-phosphate (S1P) receptor, miles

apart (mil), is critical for myocardial migration (Kupperman et al., 2000). S1P is a

bioactive lysophospholipid that regulates a wide range of processes including cell

proliferation, differentiation and survival (Panetti et al., 2000; Hla 2003). Myocardial

differentiation appears unaffected in mil mutants. Additionally, cell autonomy studies

indicate that mil is not required in the migrating myocardial precursors. These results

have led to a model in which mil functions to provide an environment permissive for

myocardial migration to the midline. The mechanisms by which mil signaling generates

a permissive environment for migrations is unknown.

The early morphogenesis of endocardial progenitors has not been as extensively

examined. Our understanding of early endocardial morphogenesis comes from

examining endocardial progenitor gene expression. Many of the genes expressed in the

endocardial cells are expressed throughout the vascular endothelium. The endothelial
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specific receptor tyrosine kinase gene flk-1 is expressed in two bilateral stripes of cells

within the LPM at the 5-somite stage (Liao et al., 1997). These bilateral stripes of flk-1-

expressing cells appear more medial than the nkx2.5 expression domain (Alexander and

Stainier, 1999). As development proceeds, the bilateral stripes of flk-1 expression extend

in both the anterior and posterior directions. By the 15-somite stage, at the level of the

cardiac field, flk-1 expressing cells can be detected medial to the bilateral populations of

myocardial precursors. At the 18-somite stage, the medial expression of flk-1 is seen as a

dense cluster and mostly marks the endocardial precursors (Liao et al., 1997). As the

heart tube elongates and loops, flk-1 expression is detected in the inner layer of the tube,

as well as in the developing vasculature. Two other receptor tyrosine kinase genes tie-2

and flt-4 are expressed in a similar pattern as flk-1 starting at the 18-somite stage (Liao et

al., 1997 and Thompson et al., 1998). The commonality in gene expression between the

endocardial and endothelial cells suggests that two cell-types share a common progenitor.

C. Heart tube elongation

Once the myocardial precursors reach the midline and fuse to form the cardiac

cone, the cone will extend to form the linear heart tube. Heart tube elongation begins at

the 22-somite stage and proceeds until 26 hours postfertilization (hpf) (Yelon et al.,

1999). This process begins with the apex of the cardiac cone tilting posteriorly and

toward the right side of the embryo, repositioning the cardiac cone from a dorsal-ventral

(D-V) axis to an anterior-posterior (A-P) axis (Figure 1.1D). The apex of the cone

comprises of ventricular cells and establishes the arterial end of the heart tube (Stainier et

al., 1993;Yelon et al., 1999). The atrial cells occupy the base of the cone, which coalesce
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into a tube as the apex tilts (Yelon et al., 1999). By 24 hpf, the ventricular cells are

completely repositioned into a leftward slanted tube, while the atrial cells are continuing

to telescope into a tube. By 26 hpf, heart tube elongation is completed, resulting in a

linear heart tube positioned on the ventral left side of the embryo (Figure 1.1E).

The heart and soul (has) and heart and mind (had) mutations provide the first

molecular insights into our understanding of heart tube elongation. has mutants form

cardiac cones that fail to tilt and elongate while had mutants exhibit a delay in heart tube

extension (Horne-Badovinac et al., 2002; Shu et al., 2003). has encodes apkCA, an

adherens junction protein that localizes to the apical domain of polarized epithelia

(Horne-Badovinac et al., 2001). has mutants exhibit defects in retinal pigmented

epithelia and gut tube formation, as well as gut looping, indicating that aPKCA is critical

for the development and morphogenesis of multiple epithelial tissues. Although it is

unknown if aPKCA is acting autonomously in the myocardial precursors or non

autonomously in neighboring tissues to provide the driving force for heart cone tilting,

the role of this gene in controlling the morphogenesis of other epithelia suggest that

epithelial polarity of the myocardial precursors may be essential for heart tube

elongation. Consistent with this hypothesis is the finding that had encodes the Ol

isoform of Na, K-ATPase (Shu et al., 2003). In addition to transporting Na+ and K+

across the plasma membrane to establish proper chemical and electrical gradients, Na, K

ATPases are required for septate junction formation in polarized epithelia of Drosophila

(Paul et al., 2003). Thus, an analysis of epithelial polarity in the myocardial precursors of

these two mutants during the heart tube elongation will extend our understanding of this

process.
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The orderly fusion of the myocardial precursors in forming the cardiac cone has

also been implicated as an important regulatory step for heart tube elongation (Peterson et

al., 2001). As previously discussed, the fusion of myocardial precursors at the midline

occurs in an orderly fashion with the posterior cells fusing prior to the anterior cells. In

embryos treated with the small molecule concentramide and in has mutants myocardial

fusion is defective and heart cone elongation is blocked (Peterson et al., 2001). However,

analyses of cardia bifida mutants indicate that myocardial fusion is not required for heart

tube elongation (Yelon et al., 1999). In migration defective mutants, the unfused bifid

populations of myocardial precursors undergo tilting and elongation to form tubes as in

wildtype embryos indicating that the fusion of the two myocardial primordia is not a

necessary step in heart tube elongation (Yelon et al., 1999). Thus, the fusion defects seen

in concentramide-treated and has mutants may be coincident with a lack of heart tube

elongation rather than causal.

Overview

In this chapter, I have focused on the events and processes known to govern

heart formation in zebrafish. While we are gaining a better understanding of some of the

processes that regulate zebrafish cardiac development, from the initial specification of the

cardiac precursors to the subsequent morphogenesis in forming a functional organ, much

remains to be done to gain a full understanding of the various genes and morphogenetic

processes that control heart development.

This dissertation addresses several aspects of heart tube formation in zebrafish. In

Chapter 2, I characterize the cellular architecture of the migrating myocardial precursors

12



and show that they form maturing epithelia as the move to the midline to form the heart

tube. In chapter 3, I show that natter (nat) locus encodes Fibronectin a major component

of the extracellular matrix. Furthermore, I demonstrate that during myocardial

migration, Fibronectin is required for the epithelial organization of the myocardial

precursors and their timely migration. In chapter 4, I examine the possible link between

myocardial epithelial formation and differentiation. Finally, in chapter 5, I present work

demonstrating the effects of the small compound concentramide heart tube formation.

Concentramide had previously been implicated in heart cone tilting. In chapter 5, I

provide evidence that concentramide also regulates the LPM size.

13



Figure 1.1 Early heart tube formation in zebrafish.

(A) In the early blastula, the cardiac progenitors correspond to the ventro-lateral margin

of the blastoderm. (B) After gastrulation, the cardiac progenitors arrive on either side of

the midline. The three rows of circles represent the relative position of the endocardial

precursors (red), ventricular precursors (dark green) and atrial precursors (light green) at

this stage. By the 13-somite stage (15.5 hpf), the myocardial precursors are patterned

mediolaterally, with ventricular precursors positioned medial to the atrial precursors. (C)
* - - - - -

- - - - - - -
* a

At the 21-somite stage (19.5 hpf), the myocardial precursors have migrated to the midline ‘.… ~ : ,
* * * * * *

and fused to form the cardiac cone. Within the cardiac cone the endocardial precursors , - . º ! º

(red) are located in the central lumen, the ventricular precursors (dark green) at the apex, ... ---- : * * *
* ** - - - - -

* ... - --> }
-

and the atrial precursors (light green) at the base. (C’) Dorsal view of the cardiac cone as * -- º --"

** tº .
seen by projection of confocal optical sections in a transgenic embryo that expresses GFP = ~ * º

*

- - - - - - - -
º - º ---in the myocardial precursors (cmlc2::GFP). (D) Cardiac cone tilting starts with the apex * -- - - - - -*
* º

- - f

of the cone bending posteriorly and to the right. Subsequently, the base of the cone, * .
-

- -
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consisting of atrial precursors, will gradually coalesce into a tube. (E) By 26 hpf, ---.
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Figure 1.2 Overlapping gene expression patterns in the anterior LPM.

In the 5- to 10-somite stage embryo, gata4/5/6 expression domains correspond to

different A-P extent of the anterior LPM. The gata4 expression domain (green horizontal

stripes) in the anterior LPM extends to the optic cup and ends posterior to the tip of the

notochord. The gataj expression domain (orange diagonal stripes) extends furthest

posteriorly, while the gata■ expression domain (blue diagonal stripes) extends more

posteriorly than gata4, but anterior to that of the gataj expression domain. The nkx2.5

expression domain (purple vertical stripes) extends posterior to the tip of the notochord

and anteriorly to halfway between the notochord and the eye. cmlc2 expression (solid

red) initiates in the 13-somite stage embryo and is limited to the anterior tip of the
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CHAPTER 2: Epithelial maturation of the myocardial precursors

An essential step in heart tube formation, in all vertebrates, is the migration of the

myocardial precursors to the midline. The myocardial precursors, which give rise to the

outer, muscular layer of the heart tube, start as bilateral populations of cells in the

anterior lateral plate mesoderm (ALPM). After gastrulation, these cells undergo a

coordinated movement to the midline and fuse to form the definitive heart tube.

Although multiple mouse and zebrafish loci regulate myocardial migration, we know

little about the cellular mechanisms of this process. In zebrafish, myocardial migration

has been described to proceed in an organized fashion, but it is unclear whether the

myocardial precursors move as a coherent population or as individual cells that are

responding to environmental cues. It has been suggested from studies in chick embryos

that the myocardial precursors form an epithelial sheet as cell junctional proteins such as

N-cadherin, o-catenin and 3-catenin show focal localization in the mesodermal cells of

the heart forming region (Linask, 1992; Linasket al., 1997). Therefore, we asked

whether the myocardial cells in zebrafish show epithelial characteristics during their

migration. Using a transgenic that expresses green fluorescent protein (GFP) in the

myocardial precursors in conjunction with antibodies to junctional proteins, the cellular

architecture of these cells was examined by confocal microscopy. From this analysis, we

found that the bilateral populations of myocardial precursors undergo epithelial

maturation as they move to the midline. Additionally, cell junctional proteins are

enriched in the myocardial precursors throughout the migration stages indicates that these

cells are forming tight adhesions to one another and migrate as coherent populations.
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Furthermore, we provide evidence that the myocardial epithelia are undergoing active • *.

directional migration. These finding raises new questions regarding the mechanism(s)

that govern heart tube formation.
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Results

Myocardial precursors form polarized epithelia during their migration to the

midline

To gain a better understanding of the cellular basis of myocardial migration, we

used a transgenic line that uses the cardiac myosin light chain 2 (cmlc2) promoter to drive

green fluorescent protein (GFP) in the myocardial precursors (Huang et al., 2003) in

conjunction with various antibodies. Cell boundaries were visualized with an antibody to

■ º-catenin which localizes to the cortex of all cells in the zebrafish embryo (Topczewska

et al., 2001). In addition to labeling the cortex, [W-catenin antibodies have also been

reported to mark adherens junctions (Cox et al., 1996), as well as basolateral domains in

polarized epithelia (Piepenhagen and Nelson, 1995). Cell junctions were visualized with

an antibody that recognizes atypical protein kinase C ), and (aPKCs). Although aPKCs

typically localize to tight junctions in adult epithelia, they localize to adherens junctions

in embryonic tissues (Horne-Badovinac et al., 2001; Manabe et al., 2002).

We found that the myocardial precursors form polarized epithelia with distinct

localization of junctional proteins during the stages of myocardial migration. At the 16

somite stage, cmlc2 expression shows that the myocardial precursors are bilateral (Figure

2.1A) (Yelon et al., 1999). In transverse sections of cmlc2::GFP transgenic embryos, the

myocardial precursors, labeled by GFP, appear as cuboidal cells outlined by cortical ■ y

catenin (Figures 2.1D, E, n=22). The anterior LPM has been described to form bilateral

tubular primordia (Stainier et al., 1993). It appears that the myocardial precursors occupy

predominantly the ventral side of the LPM tubules, with a few cells positioned dorsally in

the medial domain. aPKCs appear to be restricted to the ventricular surface of the neural
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tube and the myocardial precursors (Figure 2.1D). In these latter cells, aPKCs are

localized along the apical side in a variable, punctate pattern and enriched at points of

cell-cell contacts (Figures 2.1D, E). This enrichment of aPKCs at points of cell-cell

contacts suggests that the myocardial precursors are forming immature epithelia at the

start of myocardial migration to the midline.

As migration proceeds, cell junctional proteins show an increased asymmetric

localization in the myocardial precursors. At the 18-somite stage, the posterior

myocardial precursors have reached the midline resulting in a V-shaped pattern of cmlc2

expression (Figure 2.1B)(Yelon et al., 1999). In transverse sections, more GFP positive

cells are seen on the dorsomedial aspect of the LPM tubules (Figures 2.1F, G; n=37).

Thus, it appears that at the 18-somite stage the myocardial precursors occupy more of the

LPM tubules. Interestingly, [-catenin localization transitions from the cortical

localization seen at the 16-somite stage to become asymmetric and restricted to the

basolateral domains of the myocardial precursors (Figure 2.1G). In contrast, aPKCs

appear to be localized to the apicolateral domains of the myocardial precursors (Figure

2.1G).

At the end of myocardial migration, the restricted localization of 3-catenin and

aPKCs is more prominent, and differences in cell shape can be observed between medial

and lateral myocardial precursors. At the 20-somite stage, the myocardial precursors

have fused to form the cardiac cone (Figure 2.1C) (Stainier et al., 1993;Yelon et al.,

1999). In transverse sections through the middle of the cardiac cone, the myocardial

epithelia have undergone further maturation. The medial cells appear columnar in shape

with prominent localization of aPKCs to the apicolateral domain, while the lateral cells
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have remained cuboidal (Figures 2.1H, I; n=42). 3-catenin remains excluded from the

apical domain and localized to the basolateral domain. The asymmetric localization of

aPKCs and ■ -catenin suggests that during the stages of migration to the midline, the

myocardial precursors form maturing polarized epithelia and migrate as coherent

populations.

Changes in cell morphology of the medial myocardial precursors

In addition to observing polarized distribution of junctional components in the

myocardial precursors, we also observed in the medial-most myocardial precursors

changes in cell morphology that suggest these may be leading edge cells. In some

transverse sections, the medial-most cells of the migrating bilateral epithelia appear to

lose their cuboidal shape and form cellular extensions toward the midline (Figures 2.2A,

B). This change in cell morphology and cellular extensions suggest that the myocardial

epithelia are undergoing active directional migration.
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Discussion

In this chapter, we show that the myocardial precursors form polarized epithelia

during their movement to the midline, indicating that myocardial cells migrate as

coherent populations. We observed distinct phases in the polarization of the myocardial

precursors during their migration to the midline (Diagrammed in Figures 2.3A, B, C).

Initially, the adherens junction proteins apkCs segregate to the apical membrane and

points of cell-cell contacts (Figures 2.1 D, E). In mammalian cells, aPKCs are one of the

last junctional components recruited to points of cell-cell contact (Suzuki et al., 2002).

Thus, the enrichment of aPKCs at the point of cell-cell contacts in the myocardial

precursors at the start of myocardial migration indicates that the myocardial precursors

are forming coherent immature epithelia at these stages. As myocardial migration

proceeds, aPKCs become restricted to the apical domain of the lateral membranes. This

localization occurred concurrently with the segregation of ■ -catenin to the basolateral

membranes (Figure 2.1G). Similar steps in the maturation of a polarized epithelium have

been observed in multicellular epithelial cysts in culture (Wang et al., 1990; Ojakian et

al., 1990). Initial cell-cell contact is thought to trigger the segregation of membrane

proteins along the apical and basal-lateral domains. We provide in vivo evidence for a

similar polarization process in the maturing myocardial precursors.

Evidence for migrating epithelia

In migrating epithelia, cells on the edge of the epithelia exhibit a mesenchymal

phenotype and can provide the driving force for migration (Kiehart et al., 2000). In the

zebrafish, the medial most myocardial precursors exhibit leading edge cell morphology.

* - * =

* *
* * * - -*

*

* -º- * º

* * • *

... -- ... --
- - - - - -
- - - - -

º * - 1
-------- * *

… ------ *
* -- * **

-

-----'

*

º * *
* - - - -

ºr * *. -

º **

, ----
º * *

**
----- ---

***---- * }
-*-***

29



The medial most cells of the bilateral epithelia occasionally lose their cuboidal shape and

form cellular extensions toward the midline suggesting that the myocardial epithelia are

undergoing active directional migration. It remains to be demonstrated that the medial

myocardial precursors are leading edge cells that provide the driving force for myocardial

migration. In the following chapter, we will be address the question of whether epithelial

formation is required for myocardial migration.

However, evidence from the localization of actin suggest that the myocardial

epithelial are migratory. We observed actin localization to the basolateral membrane.

The lateral distribution of actin appears to co-localize with ZO-1, which is consistent with

the localization of the actin-belt at adherens junctions in epithelial cells. The basal

distribution of actin has not been reported in mature epithelia and may reflect the

migratory behavior of the myocardial cells. Actin polymerizes at sites of cell-substratum

interactions forming focal adhesion complexes in migratory cells (Reviewed by

Huttenlocher et al., 1995). Thus, it will be interesting to investigate whether the basal

membranes of the migrating myocardial precursors are sites of focal adhesions.

Epithelial maturation and differentiation.

During the stages of migration, we observed a maturation of the myocardial

epithelia that was characterized by an increase in polarization of cell junctional proteins

as well as cell shape changes. The maturation of the myocardial epithelia may be part of

the differentiation process as studies of cardia bifida mutants indicate that migration of

the myocardial precursors is coupled to differentiation. Mutations in hand2 and gata 5

result in severe myocardial differentiation defects and cardia bifida (Yelon et al., 2000;
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Reiter et al., 1999). We will examine whether the maturation of the myocardial epithelia

occurs properly in hand 2 and gata 5 mutants and whether these differentiation genes -r--
----

might also regulate epithelial maturation in Chapter 4.

Furthermore, we observed cell shape differences between the medial and lateral

cells of the migrating myocardial epithelia. Gene expression studies during the migration

stages indicate that the ventricular and atrial precursors are positioned in a medio-lateral

pattern (Yelon et al., 1999). The cell shape differences may reflect the differentiation
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Materials and Methods

Antibodies and immunohistochemisty

For antibody staining, embryos were fixed overnight at 4°C in 2% PFA. Fixed

embryos were embedded in 4% NuSieve GTG low melting agarose and cut into 250 pum

sections with a Leica VT1000S vibratome before antibody staining. Antibody staining

was performed in PBDT (1% BSA, 1% DMSO, 0.1% Triton X-100 in PBS pH 7.3).

We used the following antibodies: mouse IgG1 anti-■ -catenin (Sigma) at 1:500

and rabbit polyclonal anti-apKCs at 1:1000 (Horne-Badovinac et al., 2001).

Fluorescence images were acquired using a Zeiss LSM5 Pascal confocal microscope.
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- -

Figure 2.1 Myocardial precursors form polarized epithelia during their migration to º
the midline. - r -

-----

(A-C) cmlc2 expression; dorsal views, anterior to the top. Dashed lines indicate the level (
of the transverse sections in D, F, H. (D, F, H) Transverse confocal images of 7. .

cmlc2::GFP (false colored blue) transgenic embryos immunostained with antibodies º,

against [3-catenin (red) and aPKCs (green); dorsal to the top. Scale bars, 20 pum. (E, G, -

I) Magnified view of lower right corner of D, F, H. (A, D, E) At the 16-somite stage, the º
myocardial precursors are bilateral cuboidal cells that line the ventral side of the embryo, º

-
: º- - - * *

and are outlined by cortical ■ º-catenin. aPKCs are localized along the apical side of the -
º ** {

myocardial precursors and enriched at points of cell-cell contacts (n=22). (B, F, G) At º º
the 18-somite stage, the posterior myocardial precursors have reached the midline (B), sº º -

and more GFP positive cells are seen in the medial domain of the myocardium (F, G). -- *.
sº

(G) 3-catenin is localized to the basolateral membranes and aPKCs to the apicolateral º,
- *-

. . ■
- ºr

membranes of the migrating myocardial precursors. (n=37) (C, H, I) At the 20-somite º
-* I ■

stage, the myocardial precursors have fused to form the cardiac cone. In transverse -
- *

■
an arº-º-º-º: ***

sections through the middle of the cardiac cone, the medial cells appear columnar in º
shape, while the lateral cells have remained cuboidal. aPKCs staining is more prominent L
in the medial cells and restricted to the apicolateral membranes while ■ º-catenin localizes *

to the basolateral membranes (n=42). |
7. "
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Figure 2.1
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Figure 2.2 Changes in cell morphology of the medial myocardial precursors. sº
(A, B) Transverse section at the 18-somite stage. The medial-most cells of the bilateral ---

epithelia appear to lose their cuboidal shape and form cellular extensions towards the

midline. (B) Magnified image of A shows that the medial-most myocardial cell from the

right LPM appears to form a cellular extension toward the midline (arrowhead). (C)

Schematic of cell shape changes: myocardial precursors (dark blue cells), endocardial

precursors (light blue cells), the overlying endoderm (yellow cells), and fl-catenin
* * . . * -

localization in the myocardial precursors at the 18-somite stage. ... . . .”
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Figure 2.2

Schematic of cell shape change:
!C.
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Figure 2.3 Diagrams representing transverse sections of myocardial precursors

(dark blue cells) within the LPM tubules (dotted line), endocardial precursors (light blue

cells), the overlying endoderm (yellow cells) and the underlying YSL (dashed line), as

well as the subcellular localization of cell junctional proteins, ■ -catenin (red) and apkCs

(green) in the myocardial precursors at the 16- (A), 18- (B) and 20-somite (C) stages (17,

18 and 19 hpf).
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Figure 2.3
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CHAPTER 3: Fibronectin regulates epithelial organization and

myocardial migration in zebrafish

In all vertebrates, the heart tube develops from bilateral populations of cells in the

anterior lateral plate mesoderm (LPM) (reviewed by McFadden and Olson, 2002).

During somitogenesis, the myocardial precursors appear to move coordinately toward the

midline in concert with the anterior LPM, and fuse to form the outer, muscular layer of

the heart tube. Large-scale genetic screens in zebrafish have identified mutations in eight

loci that disrupt this process, resulting in the formation of two separate hearts, a

phenotype referred to as cardia bifida (Chen et al., 1996; Stainier et al., 1996; Alexander

et al., 1998). Analyses of these mutants indicate that interactions between the myocardial

precursors and the endoderm are essential for heart tube formation. Mutants that lack the

anterior endoderm display myocardial migration defects (Schier et al., 1997; Alexander et

al., 1999; Reiter et al., 1999; Kikuchi et al., 2000). Additionally, chimera and cell

transplantation analyses in mouse and zebrafish indicate that wildtype endoderm can

rescue the myocardial migration defects in a subclass of cardia bifida mutants (Narita et

al., 1997; David and Rosa, 2001). Though these studies point to an essential role for the

endoderm in myocardial migration, it is unclear whether it is providing a substrate or

signal for migration.

In chick embryos, one substrate at the interface between the endoderm and

mesoderm implicated in myocardial migration is Fibronectin. Fibronectin, a major

constituent of the extracellular matrix (ECM), mediates a wide range of cellular processes

through its interaction with the Integrin receptor family to promote cell-substratum
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adhesion and spreading, cell migration, cell cycle progression and cytoskeletal

organization (reviewed by Hynes, 1992; Sechler and Schwarzbauer, 1998; Danen and

Yamada, 2001). It has been further reported that in chick embryos Fibronectin is

deposited in an anterior-to-posterior gradient between the endoderm and mesoderm

during myocardial migration (Linask and Lash, 1986). Additionally, treatment of chick

embryos with an antibody against Fibronectin arrests heart tube formation (Linask and

Lash, 1988). From these observations, it has been proposed that a gradient of Fibronectin

provides the directional cue for myocardial migration (Linask and Lash, 1988). -**

However, other studies have been unable to replicate these observations, and reported

either a uniform or anteriorly localized distribution of Fibronectin in the heart-forming

region of chick embryos (Drake et al., 1990; Wiens, 1996). The discrepancies between * - º º

these studies may be due to differences in immunostaining methods or epitope e-º- - -

recognition by the antibodies used. Therefore, while it is clear that in chick embryos º

!... --
- - - - - - -

fº
Fibronectin is deposited at the interface between the endoderm and mesoderm, its precise *****

**
* -------> *

distribution and the mechanisms by which Fibronectin might regulate myocardial se----- * * *

migration remain to be defined.

Fibronectin also appears to be required for myocardial migration in mice. Mouse

embryos deficient for Fibronectin die around E8.0–8.5 with defects in the neural tube,

vasculature, notochord, somites, and heart (George et al., 1993). Analyses of the heart

defect in the Fibronectin null embryos indicate that myocardial specification occurs

normally but that myocardial migration is defective (George et al., 1997). Thus, while

these studies clearly show a requirement for Fibronectin in myocardial migration, the

cellular basis of this requirement is unclear.

s
s
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In chapter two, we show that myocardial precursors form polarized epithelia,

indicating that they migrate as a coherent population. To better understand the

morphogenesis of these epithelia, we have focused on the cardia bifida locus natter (nat),

one of eight zebrafish loci regulating myocardial migration, is required for the integrity of

the myocardial epithelia. To understand the basis for this defect, we positionally cloned

nat and show that it encodes Fibronectin. During the migration stages, we find that

Fibronectin is deposited at the midline between the endoderm and endocardial precursors,

and laterally around the myocardial precursors. Analyses in mutant embryos lacking

endocardial precursors indicate that Fibronectin deposition at the midline is required for

the proper temporal regulation of myocardial migration, but is dispensable for the

migration process. In the complete absence of Fibronectin deposition, adherens junctions

between the myocardial precursors do not form properly suggesting that cell-substratum

interactions are required for epithelial organization. These data lead to a new model of

myocardial migration that is dependent on epithelial integrity.
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Results

Morphogenetic and myocardial cell adhesion defects in nat mutants

To better understand the morphogenesis of the myocardial epithelia, we focused

on the nat mutation because it appeared to have defects in myocardial migration, as well 7

as myocardial cell adhesion. The nat locus was identified in a large-scale screen in

Tübingen as a mutation leading to a flattened hindbrain as well as a partially penetrant

cardia bifida phenotype (Figure 3.1B) (Chen et al., 1996; Jiang et al., 1996). Mutations
* * - =

affecting myocardial differentiation can cause cardia bifida (Reiter et al., 1999; Yelon et º . . . .a
* - - - ? -

al., 2000) and thus we wanted to assess myocardial differentiation in nat mutants. Based º
-

on the expression of cmlc2, myocardial differentiation appears unaffected in nat mutants. º º
By 24 hours postfertilization (hpf) in wildtype embryos, the two populations of º
myocardial precursors have fused at the midline to form a single heart tube (Figure 3.1C). --- |

In nat mutants, the myocardial precursors remain as two separate populations at variable .
-

. º .
** -

distance from the midline (Figures 3.1D, E). Additionally, individual myocardial º º
s

precursors are seen separate from the main bifid populations in the mutants (Figures

3.1D, E). The separation of cmlc2 positive cells was first observed in mutants at 22 hpf

(data not shown). By this stage, the myocardial precursors have formed polarized

epithelia with distinct adherens junctions in wildtype embryos (Figure 2.1). The presence

of individual cmlc2 positive cells in nat mutants suggests that the myocardial precursors

may have defects in cell-cell adhesion. º
*

These cardiac morphogenetic defects led us to analyze the morphogenesis of the
-

entire LPM in nat mutants. During the stages of myocardial migration, the LPM º

undergoes a mediolateral expansion as visualized by the two broadening stripes of dhand
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expression (Figure 3.1F) (Yelon et al., 2000). In nat mutants, the mediolateral expansion

of the anterior LPM fails to occur and this tissue remains narrow, compact and frequently

appears dysmorphic (Figures 3.1G, H). Similar observations were made when we

examined gata4, gataj, and hrt expression (data not shown) (Yelon et al., 2000; Reiter et

al., 1999; Griffin et al., 2000). In contrast, the posterior LPM appears unaffected (data

not shown). These results indicate that the morphogenetic defects in nat mutants expand

beyond the myocardial precursors but are restricted to the anterior LPM.

As mutations in genes affecting endoderm formation also exhibit myocardial º :
migration defects (Schier et al., 1997; Alexander et al., 1999; Reiter et al., 1999; Kikuchi º º

et al., 2000), we assessed endoderm formation in nat mutants. While specification of - º

endodermal cells is unaffected in nat mutants (data not shown), subsequent ■ º -
*** * * * -

morphogenesis of the anterior endoderm is sometimes defective. foxA2 expression a. * * * º

marks the anterior endoderm, derivatives of which form the lining of the pharynx . . . . .

(Odenthal and Nüsslein-Volhard, 1998). In wildtype embryos at 21 hpf, the anterior º
--

-

endoderm forms an extended sheet across the midline with characteristic protrusions º * º
asse-º-º-º-

along the edges (Figure 2.1 I). In some nat mutants, the anterior endodermal sheet

undergoes aberrant morphogenesis (Figure 3.1J). To examine the relationship between

the endodermal and myocardial morphogenetic defects in nat mutants, we assessed the

endoderm (foxA2) and the myocardial precursors (anti-GFP in cmlc2::GFP transgenic

embryos) in parallel by double staining. We observed three classes of mutants: one

where both endodermal and myocardial morphogenesis were defective, others where

endodermal morphogenesis occurred properly while myocardial migration was defective

(Figure 3.1K), and yet others where endodermal morphogenesis was defective but the
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myocardial precursors reached the midline (Figure 3.1J). These data suggest that the

endodermal and myocardial morphogenesis defects are independent of one another.

The nat locus encodes Fibronectin

To gain further insight into the nat phenotype, we isolated the gene disrupted by

the nat mutation. Using bulk segregant analysis (Postlethwait and Talbot, 1997), we

mapped the nat locus to linkage group 9. Fine mapping with 864 diploid embryos

localized nat to a region of 2.9 cm between the CA repeat markers z4168 and z99205.

Examination of radiation hybrid maps revealed several ESTs in this region, including

fibronectin (Zhao et al., 2001). Because Fibronectin had been implicated in the

morphogenesis of multiple tissues including the precardiac mesoderm (Linask and Lash,

1988; George et al., 1993), we decided to test fibronectin as a candidate for nat. We

developed polymorphisms in the 5’ and 3’ untranslated regions of fibronectin and found

one and zero recombinant with nat in 864 diploid embryos, respectively (Figure 3.2A).

Sequencing of the single tiq3c allele of nat revealed an A to T (AAA >TAA) transversion

that introduces a premature translational stop at codon 81 (Figure 3.2B). To confirm the

presence of the A to T transversion at the genomic level, we used a restriction fragment

length polymorphism generated by the transversion to genotype nat mutants. We found

that the transversion segregated with the nat phenotype in all embryos examined (n=243).

To further demonstrate that a defect in fibronectin is sufficient to cause

myocardial migration defects, we examined the ability of a morpholino antisense oligo

(MO) designed against fibronectin to phenocopy nat. Injection of a fibronectin MO into

genetically sensitized embryos led to myocardial migration defects as seen by pericardial
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edema (Figure 3.2D) and cmlc2 expression (data not shown). Genetic sensitization was

achieved by reducing the maternal contribution of fibronectin through the use of

heterozygous nat females to generate embryos for the antisense-injection experiments.

Heterozygous nat embryos are phenotypically wildtype. Reduction of maternal gene

products through genetic sensitization has been used in morpholino antisense experiments

in which high levels of maternal expression have been observed (Walsh and Stainier,

2001). Using genetically sensitized embryos, we found that the percentage of injected

embryos displaying the nat phenotype is dose dependent. When injected with 9 ng of the º º : : -

MO, 10% of the injected embryos displayed the nat phenotype (n=340). Doubling the º º

concentration (18 ng) resulted in 20% of the injected embryos displaying the nat º
*

phenotype (n=165). ºº º
-

º

Fibronectin expression is dynamic during embryogenesis i. s. * .

The expression pattern of fibronectin in zebrafish embryos is complex and º
-- -

■
º ->

dynamic. Maternal message was initially found in a diffuse pattern throughout the º º o ,
blastoderm (data not shown). By the 128-cell stage, the majority of the maternal ºs--~~~ ** }

fibronectin message is localized to the marginal blastomeres which participate in the L
f

formation of the yolk syncytial layer (YSL) (Figure 4A) (Kimmel and Law, 1985).

Zygotic expression of fibronectin is initially detected at the onset of gastrulation in the i
marginal blastomeres (Figure 3.3B). As gastrulation proceeds, fibronectin expression is " ",

maintained in the deep layer of the embryo (Figure 3.3C). Expression analyses in º,

embryos lacking endoderm suggest that this expression pattern is mesodermal (data not º
shown). At the onset of somitogenesis, fibronectin expression is observed in the anterior

-
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LPM as well as the tailbud (Figure 3.3D). This anterior LPM expression is maintained

until the 10-somite stage (Figure 3.3E). Between the 11- and 12-somite stages,

fibronectin expression is observed in a few cells more medially (Figure 3.3F). At this

stage, fibronectin expression also appears in the YSL around the yolk extension and is

maintained in the tailbud. The anterior expression spans the midline by the 15-somite

stage (Figure 3.3G). The medial expression offibronectin is maintained throughout the

stages of myocardial migration to the midline (data not shown). Examining transverse

sections shows that at the 10-somite stage, the fibronectin expressing cells are localized * : : -

within the anterior LPM (Figure 3.3J), while at the 15-somite stage, fibronectin is º . . . : *:

expressed in two layers of cells, as judged by nuclear staining, at the ventral midline º -:
... -- 2

(Figure 3.3K). -
* ,

To test the identity of the medial fibronectin expressing cells, we examined * -- * * * º 1.

Fibronectin expression in casanova (cas) and cloche (clo) mutants which lack tº ~ * . º
endodermal (Alexander et al., 1999) and endocardial (Stainier et al., 1995) cells, º

--
-

respectively. At the 15-somite stage, the expression of fibronectin in cells medial to the º
LPM is absent in cas and clo mutants (Figures 3.3H, I), suggesting that endodermal and *******

endocardial precursors are required for the medial expression of fibronectin. L

Fibronectin deposition at the midline is dispensable for myocardial migration ■
To understand the role of Fibronectin in myocardial migration, we examined its *

localization in the region where myocardial migration occurs. At the start of myocardial 7.

migration, Fibronectin is deposited laterally around the basal surface of the anterior LPM

tubules. Fibronectin deposition is also seen at the midline between the endoderm and the
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endocardial precursors (Figures 3.4 A, E). The position of the endocardial precursors at

the embryonic midline was confirmed by using a transgenic line that expresses GFP

under the control of the promoter for the flk1 gene (Figure 5E; flk1::GFP), one of the

earliest markers of all endothelium, including the endocardium (Liao et al., 1997). The

generation and expression pattern of this transgenic line will be described elsewhere

(Beis, Chen and Stainier, unpublished data). Fibronectin deposition surrounding the

myocardial precursors and between the endoderm and endocardial precursors becomes

more prominent as migration proceeds (Figures 3.4B, C).

To examine the consequence of the nat mutation on Fibronectin deposition, we

analyzed Fibronectin immunoreactivity in nat mutants. In nat mutants, Fibronectin

immunoreactivity was completely absent in the region of the embryo where myocardial

migration occurs (Figure 3.4D). We did occasionally observe staining in the head

mesenchyme but at dramatically reduced levels (data not shown), suggesting that some

4* mutants.functional Fibronectin may be present in zygotic nat

To further characterize the distribution of Fibronectin we projected confocal

sections of wildtype embryos immunostained for Fibronectin. At the 16-somite stage in

wildtype embryos, we observed a uniform layer of Fibronectin fibrils spanning the

ventral side of the embryo (Figure 3.4F). As clo mutants lack midline fibronectin

expression prior to myocardial migration (Figure 3.3I), we also assessed Fibronectin

deposition in these mutants. In clo mutants, the endocardial precursors are absent (Liao

et al., 1997) as confirmed by the lack of flk1::GFP expression (Figure 3.4G).

Interestingly, Fibronectin deposition at the midline is also absent, while the myocardial

precursors are outlined by Fibronectin deposition (Figure 3.4G). Projected views of
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confocal sections of clo mutants reveal the complete absence of Fibronectin fibrils at the

midline while the laterally Fibronectin deposition around the myocardial precursors

appears unaffected (Figure 3.4H). This result indicates that the midline fibronectin

expression observed in wildtype embryos (Figure 3.3G) corresponds to endocardial

expression. In addition, this result provided us with an opportunity to assess myocardial

migration in the absence of Fibronectin deposition at the midline. At the 20-somite stage

when the wildtype myocardial precursors have fused (Figure 3.4I), clo mutants exhibit a

delay in myocardial migration and appear similar to 18-somite stage wildtype embryos in

which only the posterior myocardial precursors have reached the midline (Figure 3.4J).

However, by 28 hpf, the myocardial precursors in clo mutants have reached the midline

and formed a dilated linear heart tube (Figure 3.4L). Thus, an absence of Fibronectin

deposition at the midline is required for the proper temporal regulation of myocardial

migration but is dispensable for the migration process.

Fibronectin deposition is required for junctional formation and epithelial

organization in the migrating myocardial precursors

In light of our observations that the myocardial precursors form polarized

epithelia and that nat mutants exhibit cell adhesion defects, we examined the epithelial

organization of the myocardial precursors in nat mutants. At the 18-somite stage in

wildtype embryos, the myocardial epithelia show apicolateral apkCs and basolateral [-

catenin localization (Figures 3.5A, A’). In nat mutants, aPKCs staining is absent in some

myocardial precursors while aPKCs localization to the ventricular surface of the neural

tube appears unaffected. The mutant myocardial epithelia are also further apart and
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variably disorganized (Figures 3.5B, B’). By the 20-somite stage in wildtype embryos,

the myocardial epithelia show distinct apicolateral apkCs and basolateral [-catenin

localization as well as cell shape differences between medial and lateral cells (Figures

3.5C, C’). In nat mutants, apicolateral apkCs localization is still absent from some

myocardial precursors while the basolateral localization of [-catenin appears relatively

unaffected (Figures 3.5D, D’). Additionally, the cell shape differences between medial

and lateral myocardial precursors are no longer apparent. Altogether, these data suggest

that cell-substratum adhesion is required for the maturation of the myocardial epithelia.

In addition to aPKCS, we also examined localization of the junctional protein

zonula occluden-1 (ZO-1), as well as cortical actin. In mature epithelial cells, phalloidin

staining highlights the apical actin-belt at the adherens junctions (reviewed by Mitic and

Anderson, 1998). At the 20-somite stage, ZO-1 is localized to the lateral membrane of

the myocardial precursors (Figures 3.6A; A'). Although actin shows an overlap with ZO

1 in the lateral membrane, it is also localized along the basal side of the myocardial

precursors (Figures 3.6A, A’’). In nat mutants, ZO-1 staining is absent or strongly

reduced in the myocardial precursors, while phalloidin staining appears heightened and is

no longer restricted to the basolateral domain (Figures 3.6B; B’’). The loss of aPKCs and

ZO-1 staining in some myocardial cells in nat mutants indicates that Fibronectin

deposition is required for proper junctional formation and/or maintenance in the

myocardial precursors. This defect in adherens junction formation may account for the

adhesion phenotype revealed when examining cmlc2 expression (Figures 3.1D and E).
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Discussion 2 -

S.
From mutant analyses, we show in this chapter that the zebrafish nat locus --

regulates the morphogenesis of anterior tissues, including that of the myocardial

precursors and pharyngeal endoderm. Interestingly, nat also appears to regulate

myocardial cell-cell adhesion. By positioning cloning, we demonstate that nat encodes

fibronectin. From mutant analyses, it appears that Fibronectin deposition at the midline

is not required for myocardial migration. However, Fibronectin is required for the

maturation of the myocardial epithelium, which in turn appears to be critical for its º
- - * –

- - -
-- - - , , ~

migration. º - ? /.

Our phenotypic analyses indicate that cell-substratum interactions mediated by
- -

º

Fibronectin regulate epithelial maturation of the myocardial precursors. Cell-substratum ■
interactions have been implicated in establishing the axis of polarity in epithelial cells - - - º:

*

(Wang et al., 1990; reviewed in Yeaman et al., 1999). Additionally, adhesion of Madin- - *
. º .

Darby canine kidney (MDCK) cells to laminin and collagen is sufficient to segregate -
, --

marker proteins of apical membrane to the opposite side of the cell-substrate contact º /
(Schwimmer and Ojakian, 1995; O'Brien et al., 2001). Our results provide genetic 3.

evidence that Fibronectin mediates this function in the myocardial precursors. In nat |
mutants, we observed defects in adherens junction clustering. However, in the º
basolateral domain, actin localization expanded while ■ -catenin appeared relatively

unaffected. Thus, loss of cell-substratum adhesion does not appear to cause a complete

loss of epithelial polarity. In summary, our data suggest that Fibronectin provides a cue

important for establishing cellular asymmetry in the migrating myocardial precursors. º
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Recently, Fibronectin has been implicated in branching morphogenesis during

salivary gland formation and proposed to be involved in the conversion of cell-cell

adhesion to cell-matrix adhesion (Sakai et al., 2003). Specifically, lack of Cadherin co

localization with Fibronectin and RT-PCR data were presented to argue that binding to

Fibronectin leads to a local loss of Cadherins at cell-cell junctions. This model appears to

be different from our genetic observations that Fibronectin is required for the maturation

of epithelial polarity and cell-cell junctions. The apparent discrepancy between these two

models of Fibronectin function may be due to differences between branching - *

***- - - -

morphogenesis and epithelial cell migration and suggests that Fibronectin may have . . . . .
a - s

- - - - - r *-*
tissue specific regulatory roles within the embryo. * * * = -

* -

* - - ?
- * * * -

.*

Fibronectin and gastrulation - - - -

Fibronectin has been implicated in the early morphogenesis of a variety of .

vertebrate embryos. In amphibian embryos, antibody and RGD peptide blocking º
- *

experiments have implicated Fibronectin in gastrulation movements (Boucaut et al., * . .

1984; Howard et al., 1992; Ramos and DeSimone, 1996). More specifically, the

Fibronectin matrix is thought to play a role in the radial intercalation and epiboly

movements of cells in the blastocoel roof of Xenopus embryos (Marsden and DeSimone,

2001). However, Fibronectin null mouse embryos do not exhibit gastrulation defects

(George et al., 1993). We also did not observe any gastrulation defects in nat mutants,

but found that fibronectin is provided maternally which may be sufficient for cell

movements during gastrulation. The tlá3c allele is temperature sensitive and exhibits a

low penetrance of the mutant phenotype at 22°C (see material and methods). We have

S.

º

■
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taken advantage of the low penetrance at 22°C to raise homozygous nat mutant adults. º

Initial observations of maternal-zygotic nat (MZnat) mutants suggest that Fibronectin

also participates in gastrulation movements in zebrafish (Figure 3.8B, C). Thus, it will be

interesting to further characterize these gastrulation defects and determine whether

Fibronectin also regulates cell-cell junctions during gastrulation.

Temperature sensitivity of tiq3c allele

Our data show that the tla3c allele introduces a premature translational stop at º º
º -

codon 81 would predict a truncated Fibronectin. Although the N-terminus of Fibronectin º
*
º

is necessary for the efficient assembly of soluble Fibronectin into the ECM (Quade and .
-

º ;
McDonald, 1988), in the absence of the integrin binding site within the Type III repeat

-

which would be deleted by the premature translational stop, Fibronectin assembly can not - - - º

occur (Sechler et al., 1996). Thus, we would predict that Fibronectin encoded by the . . .
tl43c allele is a functional null. However, the temperature sensitivity of the tla3c allele -

suggests that Fibronectin made in the tla3c allele is hypermorphic. Similarly, another io ■
translational stop mutation has recently been described in zebrafish to be temperature |

sensitive (Tian et al., 2003). It is thought that a translational read-through mechanism

similar to that described in Drosophila and mammalian cells (Chittum et al., 1998;

Phillips-Jones et al., 1995; Steneberg and Samakovlis, 2001) may be functioning to

generate a full-length protein at lower, permissive, temperatures in zebrafish (Tian et al., \

2003). Such a mechanism may be occurring in the tla3c allele. Indeed, we do observe

Fibronectin staining in some nat mutants and at lower temperatures a higher percentage
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of nat mutants appear wildtype (see material and methods). These results suggest that

Some functional Fibronectin is made in the tla 3c allele.

Fibronectin and myocardial migration

Our phenotypic studies of the nat mutant indicate that Fibronectin is required for

the morphogenesis of the anterior LPM, myocardial precursors and anterior endoderm.

However, we did observe variation in these phenotypes. One possible explanation for the

variation in phenotype is the contribution of maternal fibronectin. Two lines of evidence

argue against this possibility. First, MZnat mutants that gastrulate do not exhibit a more

severe myocardial migration defect (Figures 3.9 B, C). Second, we observed differences

in the level of disorganization between the two sides of the myocardial epithelia within a

single mutant embryo (Figures 3.4D, 3.5B). This variation between the two sides of the

myocardial epithelia is not due to residual Fibronectin as we did not detect Fibronectin

deposition around the myocardial precursors in these embryos (Figure 3.4D). Thus,

additional regulators of myocardial epithelial organization may be modifying the nat

phenotype. This hypothesis is consistent with observations in mouse where the

Fibronectin-null phenotype is highly dependent on genetic background (George et al.,

1997).

In chick, it has been proposed that a gradient of Fibronectin at the interface

between the endoderm and mesoderm provides a directional substrate for myocardial

migration (Linask and Lash, 1986). We observed Fibronectin deposition at the midline

on the ventral side of the endoderm, which may be providing a substrate for migration.
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However, by immunohistochemistry we did not detect a difference in the mediolateral

distribution of Fibronectin fibrils. Furthermore, the ability of clo mutants to undergo

medial migration in the absence of Fibronectin deposition at the midline indicates that in

Zebrafish the myocardial precursors are not migrating towards an increasing

concentration of Fibronectin at the midline. Additionally, we have collected data

indicating that Fibronectin alone is not sufficient to direct myocardial migration in the

absence of endoderm. Specifically, we found that Fibronectin deposition is present at the

midline of embryos lacking endoderm, yet myocardial migration does not occur in these

embryos (Figure 3.7B). These data argue against an instructive role for Fibronectin in

myocardial migration to the midline.

We also observed Fibronectin deposition around the myocardial precursors. In

the absence of Fibronectin deposition, the myocardial precursors exhibit defects in cell

adhesion and epithelial organization. Moreover, in clo mutants in which Fibronectin

deposition is absent from the midline but unaffected around the myocardial precursors,

epithelial organization occurs properly (data not shown, Figure 3.4G). Similarly, in the

absence of endoderm, Fibronectin deposition around the myocardial precursors and

epithelial organization of the myocardial precursors are unaffected (Figure 3.7C, D).

These data indicate that the epithelial organization defects in nat mutants are not due to a

secondary effect of lacking midline Fibronectin. It remained possible that in nat mutants

the endodermal morphogenesis defects might in turn affect myocardial morphogenesis.

However, we examined endoderm development in nat mutants and found that while it is

sometimes defective, the occurrence and severity of this defect did not correlate with the

defect in myocardial migration (Figures 3.1.J., K). In addition, the occurrence in nat

* -- - - - -"

-- - - -
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mutants of single myocardial cells that have migrated away from the main myocardial

clusters, a phenotype not seen in endoderm-less mutants such as cas, argues strongly that

this defect in the integrity of the myocardial epithelium is due to a direct effect of

Fibronectin on the myocardium. Together, our data indicate that Fibronectin may not

simply be a substrate for migration but that it is required for the maturation of the

myocardial epithelia. We therefore propose that Fibronectin is required for the

organization of the myocardial epithelia, which in turn is required for the migration of

this tissue.
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Materials and Methods
º

Zebrafish strains

Adult fish and embryos were maintained as described (Westerfield, 1994). We

found that the tla3c allele (which was obtained from the Tübingen stock center) is

temperature sensitive. At 22°C, tº 3c in a mixed genetic background causes myocardial

migration defects in 10% of the mutants. At 28°C, the penetrance increases to 76%, and

at 32°C to 100%. We also found that the expressivity of thq3c is sensitive to genetic

background. Mutant embryos in an inbred Tübingen background exhibit a less severe , a

myocardial migration defect resulting in midline hearts. For all the experiments
-

º
* ... ---5 ".

described in this paper, we used a mixed genetic background and raised all embryos at - * * * * * -

32°C. * º
* * - º

º

-- * *

Genetic Mapping and Genotyping - - - - *

Genotyping by RFLP of tiq3c was performed by PCR (primers: 5’-GGA-TGT- * …
*

º
- - - *

STT-ATG-GAC-GGA-CA-3 and 5’-GCC-AGG-AAA-CAT-TCA-TCC-AC-3’), ****-** j f
followed by restriction digest with Msel. In nat mutants, a 185 bp PCR product was

"educed to fragments of 109 bp and 76 bp by Msel digestion. The PCR conditions were |

S4°C for 30 seconds, 58°C for 30 seconds and 72°C for 30 seconds (40 cycles).

"njections of morpholino antisense oligonucleotides *

A morpholino oligo designed against zebrafish Fibronectin (5’-

TTTTTTCACAGGTGCGATTGAACAC-3) was dissolved in 5m.M HEPES, pH 7.6. -

Morpholino injections were performed at the one-cell stage at 9 ng or 18 ng per embryo.
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In situ hybridization and antibody staining

Wholemount in situ hybridizations (ISH) were performed as described (Alexander

et a 1-, 1998). Double foxA2 and GFP staining in cmlc2::GFP transgenic embryos was

performed as followed. Briefly, embryos were treated with 100 mM glycine pH 2.2 after

ISH to inactivate alkaline phosphatase (AP) and washed with PBS-T (phosphate buffer

saline + 0.1 % Tween). Anti-GFP antibody (Torrey Pines BioLab; 1:500) was incubated

with embryos overnight at 4°C, followed by anti-rabbit-AP conjugated antibody (Jackson

Laboratories; 1:3000) incubation overnight at 4°C and detected with INT/BCIP (Roche). .
º

:
A Fi Pronectin in situ probe corresponding to the N-terminus and the first two Fibronectin - • , ;

type I motifs was cloned into the pGEMT vector (Promega). The anti-sense probe was º

§enerated by linearizing the pfibronectin5 'plasmid with SacII, followed by transcription º
- *

With SP6 polymerase. * * * º

For antibody staining, was performed as described in chapter 2. With the - - -

*dditionof the following antibodies: rabbit polyclonal anti-Fibronectin (Sigma) at 1:200, º
- -

-*

*nd mouse IgG anti-ZO-1 (Gift from S. Tsukita) at 1:25. Polymezed actin was detected tº . º
sº-º-º-º-

by phalloidin (Molecular Probe) staining (1:50) using a protocol similar to the antibody

Staining protocol.

Fluorescence images were acquired using a Zeiss LSM5 Pascal confocal

*microscope.

r
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Figure 3.1 Morphogenetic and myocardial cell adhesion defects in nat mutants.

(A, C, F, I) Wildtype and (B, D, E, G, H, J, K) nat mutants. (A, B) Lateral views of

brightfield images at 32 hpf, anterior to the left. (B) nat mutants display pericardial

ederrha (arrowhead) and a flattened hindbrain (white arrow). (C-K) Dorsal views of in situ

hybridization images, anterior to the top. (C-E) cmlc2 expression at 24 hpf (C)

Wildtype embryos have formed a single heart tube. (D, E) nat mutants have two main

populations of myocardial precursors at variable distance from the midline. Additionally,

individual myocardial precursors (arrows) are seen detached from the main populations

in mutant embryos. (F-H) dhand expression in the anterior LPM at the 17-somite (17.5

hpf) stage. Brackets indicate the width of the bilateral anterior LPM stripes. (F)

Wi ldtype embryos show broad stripes of dhand expression. (G, H) In nat mutants, the

bilateral stripes of dhand expression are narrower and appear dysmorphic. (I-K) Defects

in rrnyocardial and anterior endoderm morphogenesis appear to be independent. Anti

GFP (red) in cmlc2::GFP transgenic embryos labels the myocardial precursors, while

Jox.42 expression (blue) marks the anterior endodermal sheet. (I) In wildtype embryos at

21 hpf, the anterior endoderm forms a sheet that spreads across the midline, while the

Sardiac cone is positioned to the left of the midline. (J) In some nat mutants, the anterior

Sºndodermal sheet fails to extend across the midline, while the myocardial cells have

*Sached the midline. (K) Other nat mutants exhibit normal endodermal morphogenesis,

Yhile the myocardial precursors have failed to migrate.
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Figure 3.2 The nat locus encodes Fibronectin.

(A) Genetic map of the nat region. Numbers below the CA repeat “Z” markers indicate

the number of recombination events seen in 864 diploid embryos tested. (B) Schematic

diagram showing the modular structure of Fibronectin. Fibronectin consists of repeating

modules of type I (purple), type II (green), and type III (light blue) motifs and

alternatively spliced exons (orange) and a variable (V) region (yellow). The tla 3c

mutation introduces a stop codon in the first Fibronectin type I motif (codon 81). (C, D)

Lateral views at 30 hpf, anterior to the left, of wildtype (C) and fibronectin MO injected

(D) embryos. MO injected embryos display pericardial edema (arrowhead) and a

flattened hindbrain (arrow) (see Figure 2B for nat phenotype).
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Figure 3.2
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Figure 3.3 fibronectin expression is dynamic during embryogenesis.

(A-G, J, K) Expression of fibronectin in wildtype, (H-I) cas (H) and clo (I) mutants. (A-

C) Lateral views, animal pole to the top; except C, dorsal view. (D-I) Anteriodorsal

views, out-of-focus tailbud to the top. (J-K) Transverse sections, dorsal to the top,

counterstained with nuclear fast red. (A) Maternal message in the 128-cell embryo, the

majority of maternal message is localized in the marginal blastomeres (brackets). (B) At

60% epiboly, fibronectin expression is seen in the mesoderm. (C) At 80% epiboly,

fibronectin expression is maintained in the mesoderm. (D) At the 1-somite stage,

fibronectin expression is seen in the bilateral stripes of the anterior LPM as well as in the

tailbud (out of focus; arrow). (E) At the 10-somite stage, fibronectin expression is

maintained in the anterior LPM (brackets) and tailbud (arrow). (F) At the 12-somite

stage, fibronectin expression becomes patchy in the anterior domain of the embryo - -

(brackets), is maintained in the tailbud (arrow) and also appears in the YSL around the

yolk extension (arrowhead). (G) By the 15-somite stage, expression becomes medially
**

localized, spanning the midline of the embryo (brackets). (H, I) In cas (H) and clo (I)
gº-º-º-º-º-º:

mutants, fibronectin expression in the medial domain is absent (brackets), while the

tailbud expression is unaffected (arrow) at the 15-somite stage. (J,K) Transverse

sections show that at the 10-somite stage, the fibronectin expressing cells correspond to

the anterior LPM, while at the 15-somite stage, fibronectin is expressed in two layers of

cells at the ventral midline.
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Figure 3.3
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Figure 3.4 Fibronectin deposition at the midline is dispensable for myocardial

migration.

(A-D) Transverse sections of cmlc2::GFP (false colored blue) and (E,G) flk 1::GFP (false

colored blue) transgenic embryos immunostained for [-catenin (red), Fibronectin (green)

in wildtype (A-C, E), nat (D) and clo (G) mutants at the 16-, 18-, and 20-somite stages;

dorsal to the top. (F, H) Projected views of confocal sections collected from E and G of

Fibronectin immunostaining (white), tilted 45° in the Z-axis. The positions of the neural

tube and myocardial precursors are outlined by white and green dashed lines,

respectively. (I-L) cmlc2 expression in wildtype (I, K) and clo mutants (J, L) at the 20

somite and 28 hpf stages. (A) At the 16-somite stage, Fibronectin is deposited around the

myocardial precursors and at the midline between the endoderm and endocardial

precursors (blue in E). Fibronectin deposition is also seen in the head mesenchyme and

lining the basal side of the non-neural ectoderm (green arrowhead). (B, C) By the 18 and

20-somite stages, Fibronectin deposition appears around the myocardial epithelia, on the

ventral side of the anterior endoderm (arrow) and around endocardial precursors

(arrowhead). (D) In nat mutants, Fibronectin immunoreactivity is completely absent.

(E) Inflk1::GFP transgenic embryos, the endocardial precursors (falsed colored blue;

arrows) are at the midline between the myocardial precursors that are outlined by

Fibronectin immunostaining (green; arrowhead). (F) Projected view of Fibronectin

immunostaining in wildtype embryos shows a uniform layer of Fibronectin fibrils

spanning the ventral side of a 16-somite stage embryo. (G) In clo mutants, the

endocardial precursors are absent as well as the midline Fibronectin deposition (arrows),

however, Fibronectin deposition around the myocardial precursors (arrowhead) appears
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unaffected. (H) Projected view of Fibronectin immunostaining in clo mutants shows a

complete absence of Fibronectin fibrils at the midline. (I) At the 20-somite stage,

wildtype myocardial precursors have fused. (J) In clo mutants, migration of the

myocardial precursors is delayed. (K) In wildtype embryos at 28 hpf, the myocardial

precursors have formed a linear tube. (L.) In clo mutants by 28 hpf, the myocardial

precursors have formed a dilated linear heart tube. The dilation of the clo mutant heart is

likely due to the lack of endocardial cells. clo mutants were presorted based on the

absence of flk1::GFP expression in the endocardial-endothelial precursors.

-

s

67



Figure 3.4
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Figure 3.5 Fibronectin deposition is required for junctional formation and epithelial

organization in the migrating myocardial precursors.

Transverse sections of cmlc2::GFP (false colored blue) transgenic embryos of wildtype

(A, C) and nat mutants (B, D) at the 18- and 20-somite stages, immunostained for aPKCs

(green) and ■ º-catenin (red); dorsal to the top. (A’-D’) Magnified views of the lower right

corner of A-D, respectively. (A, A’) At the 18-somite stage, the myocardial epithelia

show apicolateral localization of aPKCs and basolateral localization of 3-catenin. (B, B’)

In nat mutants, aPKCS staining is absent in some myocardial precursors (arrowhead). (C, º
:

C’) At the 20-somite stage, the medial myocardial precursors are columnar with
*

prominent apicolateral localization of aPKC, while the lateral cells are cuboidal. [3- º
catenin is localized to the basolateral domain. (D, D’) In nat mutants, aPKCs staining is s -

absent from some myocardial precursors (arrowhead), while ■ -catenin localization - - - ,

appears relatively unaffected. Additionally, the cell shape difference between medial ..

and lateral myocardial precursors is no longer apparent. * ->

º,
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Figure 3.5 >
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Figure 3.6 Defects in ZO-1 and actin localization in nat mutants.

Transverse sections of cmlc2::GFP (false colored blue) transgenic embryos of wildtype

(A) and nat mutants (B) at the 20-somite stages, immunostained for ZO-1 (green) and
-

actin (rhodamine-phalloidin). (A, A’, A’’) At the 20-somite stage, ZO-1 is localized to

the lateral domain of the myocardial epithelia (A’, ZO-1 only), while actin staining is

restricted to the basolateral domain (A”, actin only). (B, B’, B’’) In nat mutants, ZO-1

staining is absent (arrowhead) or reduced in the myocardial precursors (B’, ZO-1 only),

while actin appears heightened and is no longer restricted to the basolateral domain - * -

(arrow) (B'”, actin only).
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Figure 3.6
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Figure 3.7 Midline Fibronectin is insufficient for myocardial migration in the

absence of endoderm.

(A) Wildtype and (B-D) casMO injected embryos cmlc2::GFP transgene stained for

Fibronectin (A-B) and aPKC (C-D) at 20-somite; ■ o-catenin in red. (A) In wildtype

embryos, the endoderm appears to have heightened cortical ■ y-catenin (arrows).

Fibronectin (green) is deposited on the ventral side of the endoderm and around the

medial myocardial precursors. (B) In cas/MO injected embryos, the thin layer of

endodermal is absent (arrows). Fibronectin deposition is present at the midline (green);

however, the myocardial precursors remain lateral (blue). (C) Epithelial organization of

myocardial epithelium is unaffected as indicated by aPKC localization (green) and the U

shape structure of the epithelium
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Figure 3.7
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5

Figure 3.8 MZnat mutants exhibit gastrulation defects.

(A) Wildtype, (B, C, E) MZnat, and (D) nat mutants; lateral views; anterior to the top,

except for D and E, anterior to the left. (A) At the tailbud stage, wildtype embryos have

completed gastrulation. (B, C) MZnat mutants exhibit varying degrees of gastrulation

defects. (D, E) At 32 hpf, MZnat mutants that gastrulate display defects in axis and

somite formation, as well as pericardial edema seen in Znat mutants (D).
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Figure 3.8
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Figure 3.9 MZnat mutants that gastrulate do not exhibit a more severe myocardial

migration defect than that of Znat mutants.

(A-C) cmlc2 expression in wildtype and MZnat mutants at 24 hpf, dorsal views, anterior

to the top. (A) Wildtype embryos have formed a single heart tube. (B, C) MZnat

mutants that gastrulate exhibit a range of myocardial migration defects similar to that

seen in nat mutants (compare to Figures 2D and E). Arrows point to individual

myocardial cells that are detached from the main populations.
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1.

CHAPTER 4: The bhLH transcription factor Hand2 regulates

epithelial formation during myocardial differentiation.

One of the earliest steps in heart development is the activation of myocardial

Specific gene expression within a subset of cells in the ALPM. This differentiation

pathway is defined by the initiation of a number of transcription factor genes such as

nkx2.5 and gata4/5/6 as well as genes encoding components of the contractile machinery.

While a number of transcription factors have been identified that regulate the initiation

and maintenance of this differentiation pathway, its cellular basis is not well understood.

Recently, we demonstrated that the myocardial precursors undergo epithelial maturation

during their migration to the midline in zebrafish (Trinh and Stainier, 2004). Myocardial

differentiation appears to be critical for migration as mutants with defective myocardial

differentiation exhibit migration defects (Reiter et al., 1999; Yelon et al., 2000).

Furthermore, the maturation of the myocardial epithelium coincides with the onset of

myocardial specific gene expression (Yelon et al., 1999; Trinh and Stainier, 2004).

Therefore, we asked whether the molecules that regulate myocardial differentiation also

control epithelial formation of the myocardial precursors.

A number of transcription factor genes expressed in overlapping patterns in the

ALPM appear to be important for the early differentiation of this tissue (reviewed in

Bruneau, 2002; Cripps and Olson, 2002). These genes include the basic helix-loop-helix

(bHLH) family member, hand2 (also known as dhand) which is expressed broadly

within the LPM in zebrafish (Yelon et al., 2000; Angelo et al., 2000). Loss-of-function

analyses indicate that hand2 plays a vital role in cardiac development (Srivastava et al.,

… ?
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1997; Yelon et al., 2000). Analyses of the zebrafish locus hands-off, which encodes

Hand?, reveal an early role for the function of hand2 in the morphogenesis and

differentiation of the ALPM (Yelon et al., 2000). Specifically, hand2 mutants display a

Severe reduction in the number of cells that express myocardial specific genes and defects

in ALPM morphogenesis (Figure 1B)(Yelon et al., 2000). Molecular evidence suggests

that in hand2 mutants myocardial differentiation is initiated but does not proceed

efficiently as nkx2.5 expression is initiated but few nkx2.5 expressing cells go on to

express myocardial specific genes such as cmlc2 (Yelon et al., 2000).

In mouse, Hand? appears to play later roles in myocardial differentiation as

Hand2-null mice die between E9.5 and E10.5, lacking a right ventricle (Srivastava et al.,

1997). Expression analysis in mouse is consistent with this loss-of-function phenotype as

Hand2 expression is restricted to the right ventricle after the linear heart tube forms

(Srivastava et al., 1995). Before ventricular restriction, hand2 is expressed more broadly

in the cardiac crescent. Co-expression of a second Hand gene in mouse and chick,

Hand 1 (also known as eHand) in the cardiac crescent has been suggested to provide

redundant function during early heart formation (Srivastava et al., 1995). Despite this

essential role in cardiac development, little is known as to how Hand2 regulates the

morphogenesis and differentiation of the myocardial precursors.

In addition to its role in cardiac development, Hand? is involved in the

development of the branchial arches, limb, and vasculature (Charite et al., 2000;

Fernandex-Teran et al., 2000; Yamagishi et al., 2000; te Welscher et al., 2002;

Yanagisawa et al., 2003). Due to its essential role in the development of a number of

tissues, there has been much interest in understanding the molecular mechanism(s) by

:
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which Hand2 functions. Many studies have focused on the mechanisms by which Hand2

regulates transcription (Dai and Cserjesi, McFadden et al., 2002; Firulli et al., 2003; s

Murakami et al., 2004). Here, we sought to understand the cellular requirements for

Hand2 function during myocardial differentiation.
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Results

Hand2 regulates the formation of the myocardial epithelia.

To assess the myocardial epithelia in hand2 mutants, we used a transgenic line

that expresses green fluorescent protein (GFP) under the control of the cmlc2 regulatory

elements to mark the myocardial precursors (Huang et al., 2003) in conjunction with

antibodies against junctional proteins to assess epithelial formation. In wildtype

embryos, the myocardial epithelia consist of two rows of cells with their apical surface

facing each other (Figure 4.1C) (Trinh and Stainier, 2004). At the 20-somite stage, an

antibody that recognizes both atypical protein kinase C ), and 4 (apkCs) stains the apical

domain of the lateral membranes (Figure 1C, green) (Trinh and Stainier, 2004). The

basolateral membranes are marked by the asymmetric localization of [-catenin (Figure

4.1C, red) (Trinh and Stainier, 2004). In addition to its asymmetric localization in the

myocardial precursors, [8-catenin also localizes to the cortex of all cells in the zebrafish

embryo and thus labels cell boundaries (Topczewska et al., 2001). In hand2 mutants, the

few myocardial precursors that are present cluster together and do not form an epithelium

as they do in wildtype embryos (Figure 4.1D, blue). aPKCs staining is absent from the

myocardial cells in hand2 mutants (Figure 4.1D, green). Additionally, ■ º-catenin

localizes to the entire cortex of myocardial cells, failing to restrict asymmetrically as in

wildtype (Figure 4.1D, red).

To further assess the polarity of the myocardial precursors in hand2 mutants, we

examined the localization of actin and the junctional protein zonula occluden-1 (ZO-1).

Both molecules exhibit asymmetric localization in the myocardial precursors (Trinh and

Stainier, 2004): ZO-1 is localized basally along the lateral membranes (Figure 4.1E,
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green) while actin is enriched along the basolateral membranes (Figure 4.1E, red). In

hand2 mutants, ZO-1 is mislocalized (Figure 4.1F, green). Some myocardial precursors

show cortical ZO-1 localization (Figure 4.1F, arrow), while others show either an

absence or punctate localization of ZO-1. Additionally, actin fails to restrict to the

basolateral membranes, remaining cortical in its localization in hand2 mutants (Figure

4.1F, red). The lack of basolateral restriction of 3-catenin and actin, the absence of

aPKCs and the mislocalization of ZO-1 indicate that Hand2 is essential for myocardial

epithelial formation. Taken together, these results suggest that myocardial precursors in

hand2 mutants lack apico-basal polarity.

Defective Fibronectin deposition in hand2 mutants

We have previously reported that Fibronectin is deposited on the basal surface of

the myocardial epithelia (Trinh and Stainier, 2004). Cell-substratum interactions have

been implicated in establishing the polarity axis in epithelial cells (Wang et al., 1990;

reviewed in Yeaman et al., 1999). In the developing myocardial epithelia, analyses of

mutants for the natter (nat) gene, which encodes Fibronectin, indicate that the basal

deposition of Fibronectin is required for maintaining the epithelial organization of the

myocardial precursors (Trinh and Stainier, 2004). The absence of apico-basal identity

within the myocardial precursors of hand2 mutants, prompted us to assess the

requirement of Hand2 for the deposition of Fibronectin. In wildtype embryos,

Fibronectin is deposited around the basal surface of the myocardial epithelia (Figures

4.2A and A’, blue) and at the midline between the endoderm and endocardial precursors

(Figure 4.2A, arrow). In hand2 mutants, Fibronectin deposition is disorganized and no

90



longer restricted to a single surface of the myocardial precursors (Figures 4.2B and B’).

This result is consistent with our findings that junctional proteins do not exhibit

asymmetric localization in the myocardial precursors of hand2 mutants and further

demonstrate that the myocardial precursors lack apico-basal polarity.

Myocardial epithelial formation in embryos deficient for Gata■ function

Since cell-cell adhesion is necessary for establishing apico-basal polarity (Vega

Salas et al., 1987; Nelson and Veshnock, 1987; reviewed in Yeaman et al., 1999), it is

possible that a critical mass of myocardial precursors is required for establishing cell-cell

adhesion that in turn would be required for establishing apico-basal polarity. To test this

hypothesis, we examined epithelial formation in embryos lacking Gata■ function. Like

Hand?, Gata■ also plays an essential role in cardiac development. Zebrafish Gata■ is

encoded by the faust (fau) locus (Reiter et al., 1999). Similar to hand2 mutants, gata■

mutants exhibit a dramatic reduction in myocardial cell number as well as myocardial

specific gene expression (Figure 3B) (Reiter et al., 1999). To facilitate our analyses of

myocardial epithelial formation in the absence of Gata■ , an antisense morpholino (MO)

designed against the splice donor site upstream of the zinc fingers encoding region was

used to knockdown Gata■ function (gatajMO). Greater than 95% of the embryos

injected with 20ng of the gata■ MO appear morphologically similar to gata■ mutants,

exhibiting pericardial edema and two separate hearts, a phenotype referred to as cardia

bifida (n-500, data not shown). Based on cmlc2 expression, the myocardial precursors

are reduced in number and fail to migrate to the midline in gata 5MO embryos (Figure

4.3C), phenotypes that appear identical to those seen in gata■ mutants (Figure 4.3B). By
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confocal microscopy, the myocardial precursors in gatajMO embryos are localized away

from the midline (Figures 4.3D, F, H) further indicating a defect in myocardial migration.

To our surprise, the myocardial precursors in gatajMO embryos are polarized: the few

myocardial precursors that are present form tubular epithelia with aPKCs localized to the

apicolateral membranes (Figure 4.3D), ■ º-catenin and actin restricting basolaterally

(Figures 4.3D and F), and ZO-1 localizing to the basal portion of the lateral membranes

(Figure 4.3F). Furthermore, in gatajMO embryos, Fibronectin is deposited around the

basal surface of the myocardial epithelia despite a reduction in myocardial cell number.

These results demonstrate that in the absence of Gata■ function the few myocardial

precursors that form are able to establish epithelial identity.
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Discussion

In this chapter, we investigated the relationship between the molecular program

driving the formation of the myocardial epithelium and the program driving myocardial

gene expression. Specifically, we analyzed the role of the myocardial differentiation

genes, hand2 and gata■ in myocardial epithelial formation. Our results indicate that

there are two distinct cellular processes involved in making a mature myocardium:

establishing myocardial epithelial identity and establishing proper cell number (Figure

4.4). On the molecular level, the establishment of myocardial epithelial identity appears

to be distinctly regulated by Hand2, while myocardial cell number is regulated by both

Hand? and Gata■ . These results predict that Hand2 and GataS activate distinct and

overlapping transcriptional targets involved in myocardial differentiation. More

importantly, these results indicate a new and unique role for Hand2 in myocardial

differentiation.

Hand2 regulates myocardial epithelial identity

The absence of myocardial epithelial formation in hand2 mutants is specific to the

myocardial precursors as the localization of junctional proteins (aPKCs and ZO-1) to the

hindbrain ventricular surface appears unaffected (Figures 1D and F). Additionally,

hand2 mutants do not appear to exhibit defects in other epithelial tissues within the

embryo (data not shown). hand2 is expressed broadly within the LPM (Yelon et al.,

2000; Angelo et al., 2000), yet the posterior LPM does not exhibit polarity defects

(unpublished data, Horne-Badovinac and D.Y.R.S.). Furthermore, several lines of

evidence indicate that the lack of aPKCs in the myocardial precursors of hand2 mutants
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is not due to Hand2 directly regulating the expression of aPKCs. First, expression

analyses indicate that the expression of aPKCA is not reduced in hand2 mutants (data not

shown). Second, overexpression of aPKCA in hand2 mutants can not rescue adherens

junction formation (data not shown). Third, the absence of aPKCs in the myocardial

precursors of hand2 mutants is not due to an overall lack of adherens junction formation

in the embryo as aPKCs localization in the hindbrain ventricular surface is unaffected

(Figures 1D and F). Taken together, these data suggest that the polarity defects in hand2

mutants are specific to the myocardial precursors. On a cellular level, our results indicate

that Hand2 is essential for the progression of the myocardial precursors to a polarized

State.

Considering that Hand2 is a transcription factor, it is possible that the polarity

defects we observe in han mutants are due to Hand2 regulating the expression of polarity

genes. Several lines of evidence indicate that the lack of aPKCs in the myocardial

precursors of han mutants is not due to Hand2 directly regulating the expression of

aPKCs. First, expression analyses indicate that the expression of aPKCA is not reduced

in han mutants (data not shown). Second, overexpression of aPKCA in han mutants can

not rescue adherens junction formation (data not shown). Third, the absence of aPKCs in

the myocardial precursors of han mutants is not due to an overall lack of adherens

junction formation in the embryo as aPKCs localization in the hindbrain ventricular

Surface is unaffected (Figures 1D and F). Taken together, these results suggest that

Hand2 is not directly regulating the expression of aPKCs.

From expression analyses, we have determined that fibronectin expression is not

reduced in han mutants (data not shown). The presence of Fibronectin deposition around
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some myocardial precursors indicates that the myocardial precursors have the ability to

assemble Fibronectin. However, it is the assembly of Fibronectin to a single surface of

the myocardial precursors that appears to be disrupted in hand2 mutants. This phenotype

is clearly distinct from that seen in nat mutants which completely lack Fibronectin. In the

complete absence of Fibronectin, adherens junctions formation is defective, however, B

catenin appeared relatively unaffected along the basolateral membrane (Trinh and

Stainier, 2004) suggesting that loss of cell-substratum adhesion does not lead to the

complete loss of epithelial polarity. In contrast, the myocardial precursors in hand2

mutants appear to be completely devoid of epithelial identity, lacking junctional proteins

and a basal substratum. These results further indicate that the role of Hand 2 for

myocardial epithelial formation is independent of the requirement for Fibronectin in

epithelial maintenance.

A reduction in myocardial cell number does not prevent myocardial epithelial

formation.

Loss of Hand2 function leads to a reduction in the number of myocardial

precursors and an absence of epithelial polarity of the myocardial cells. Cell-cell

adhesion is necessary for establishing apico-basal polarity (Vega-Salas et al., 1987;

Nelson and Veshnock, 1987; review in Yeaman et al., 1999). It is possible that a critical

mass of myocardial precursors is required for establishing cell-cell adhesion. However,

the results in gata■ MO embryos indicate that myocardial epithelial formation can

proceed in the presence of reduced cell number. Thus, the myocardial epithelial

* * *
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formation defects in hand2 mutants are not simply due to a reduction in the number of

myocardial precursors.

Gata■ is not essential for epithelial formation

Our findings in gataMO5 embryos are unexpected based on molecular epistasis

analyses. Overexpression and loss-of-function studies suggest that Gata■ regulates

myocardial differentiation at an early step in the differentiation cascade (Reiter et al.,

1999; Reiter et al., 2001). Overexpression of gata■ can induce the ectopic expression of

nkx2.5 and myocardial genes such as ventricular myosin heavy chain (vnhc), cmlc1 and

cmlc2(Reiter et al., 1999). In gata■ mutants, nkx2.5 expression is reduced from the onset

of its expression (Reiter et al., 1999). These molecular defects suggest that Gata■ is

essential for the progression of myocardial differentiation as defined by molecular

markers. However, on the cellular level, our results indicate that despite a reduction in

myocardial cell number and molecular defects in gene expression in gata 5 mutants and

gata 5MO embryos, Gata■ appears not to be essential for the establishment of myocardial

epithelial polarity. Taken together, these results suggest that Hand2 and Gata■

independently regulate myocardial differentiation despite showing similarities in

myocardial gene expression defects when mutated.
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Materials and Methods

Zebrafish strains and morpholino injections

Adult fish and embryos were maintained as described (Westerfield, 1994). The

following mutant alleles were used: hand?” (Yelon et al., 2000) and gata 5" (Reiter et

al., 1999). We used an antisense morpholino (MO) against the splice donor site 5’-

TCTTAAGATTTTTACCTATACTGGA-3’to knockdown Gata■ function.

Wholemount in situ hybridization and antibody staining

Wholemount in situ hybridizations (ISH) were performed as described (Alexander

et al., 1998). For antibody staining, embryos were fixed overnight at 4°C in 2% PFA.

Fixed embryos were embedded in 4% NuSieve GTG low melting agarose and cut into

250 pum sections with a Leica VT1000S vibratome before antibody staining. Antibody

staining was performed in PBDT (1% BSA, 1% DMSO, 0.1% Triton X-100 in PBS pH

7.3).

We used the following antibodies: rabbit polyclonal anti-Fm (Sigma) at 1:200,

mouse IgG1 anti-■ -catenin (Sigma) at 1:500, mouse IgG anti-ZO-1 (Zymed) at 1:200, and

rabbit polyclonal anti-apKCs at 1:1000 (Santa Cruz Biotechnology; Horne-Badovinac et

al., 2001). Polymerized actin was detected by phalloidin (Molecular Probe) staining

(1:50) using a protocol similar to the antibody staining protocol.

Fluorescence images were acquired using a Zeiss LSM5 Pascal confocal

microscope.
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Figure 4.1 Hand2 regulates the formation of the myocardial epithelia.

Hand2 regulates the formation of the myocardial epithelia. Wildtype (A, C, E) and

hand2 (B, D, F) mutants at the 20-somite stage. (A, B) cmlc2 expression; dorsal views,

anterior to the top. (A) In wildtype embryos, the myocardial precursors have fused to

form the cardiac cone. (B) In hand2 mutants, the myocardial precursors are reduced in

number and fail to migrate to the midline and fuse. (C-F) Transverse confocal images of

cmlc2::GFP (false colored blue) transgenic embryos immunostained with antibodies

against [-catenin (red) and aPKCs (green) (C, D), or ZO1 (green) and filamentous actin

(rhodamine-phalloidin) (E, F); dorsal to the top. (C, E) In wildtype embryos, the

myocardial precursors form clear epithelia: within the myocardial precursors, aPKCs are

restricted to the apicolateral membranes while ZO-1 is localized basally along the lateral

membranes. Additionally, ■ º-catenin and actin are enriched at the basolateral membranes.

(D, F) In hand2 mutants, the myocardial precursors do not localize junctional proteins

asymmetrically. aPKCs staining is absent from the myocardial precursors and ZO-1 is

localized cortically in some myocardial precursors. 3-catenin and filamentous actin fail

to restrict to the basolateral membranes, remaining cortical in their localization.
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Figure 4.2 Defective Fibronectin deposition in han mutants.

(A, B) Transverse sections of cmlc2::GFP (false colored blue) transgenic embryos

immunostained for ■ º-catenin (red), Fibronectin (green) in wildtype (A, A’) and hand2

(B, B’) mutants at the 20-somite stage; dorsal to the top. (A’, B') Magnified views of the

lower right corner of A and B, respectively. (A, A’) In wildtype embryos, Fibronectin is

deposited around the basal surface of the myocardial epithelia (blue) and at the midline

between the endoderm and endocardial precursors (arrow). (B, B’) In hand2 mutants,

Fibronectin deposition is disorganized and no longer restricted to the basal surface of the

myocardial precursors.
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Figure 4.2
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Figure 4.3 Myocardial epithelial organization in embryos deficient for GataS

function. Wildtype (A, D, F, H), gata■ mutants (fau) (B), and gata 5MO (C, E, G, I)

embryos at the 20-somite stage. (A-C) cmlc2 expression; dorsal views, anterior to the top.

(A) In wildtype embryos, the myocardial precursors have fused to form the cardiac cone.

(B) In gata 5 mutants, the myocardial precursors are reduced in number and remain

lateral. (C) Ingata 5MO embryos, the myocardial precursors are reduced in number and

fail to migrate to the midline similar to gata 5 mutants. (D-I) Transverse confocal images

of cmlc2::GFP (false colored blue) transgenic embryos immunostained with antibodies

against [3-catenin (red) and apkCs (green) (D, E), ZO1 (green) and filamentous actin

(rhodamine-phalloidin) (F, G), or [-catenin (red) and Fibronectin (green) (H, I); dorsal to

the top. (D, F) In wildtype embryos, the myocardial epithelia localize aPKCs to the

apicolateral membranes, ZO-1 to the basal portion of the lateral membranes, and É

catenin and filamentous actin basolaterally. (H) Additionally, Fibronectin is deposited

around the basal surface of the myocardial precursors. (E,G) IngatajMO embryos,

fewer myocardial precursors are present but they form small tubular epithelia with

aPKCs, ZO-1, 3-catenin and actin localized as in wildtype embryos. (I) Additionally,

Fibronectin is deposited around the gata 5MO myocardial epithelia as in wildtype

embryos (H).
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Figure 4.3
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Figure 4.4 Processes in myocardial differentiation.

From our analyses of the myocardial epithelia in the two myocardial differentiation

mutants, hand2 and gataj, it appears that Hand2 and Gata■ independently regulate two

processes in myocardial differentiation: myocardial epithelial identity and the allocation

of proper cell number. The myocardial epithelia are diagrammed in transverse sections

showing the arrangement of the myocardial precursors (dark blue cells), endocardial

precursors (light blue), [-catenin (red), aPKCs and ZO-1 (green) in the myocardial

precursors and Fibronectin (lime-green) deposition.
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Figure 4.4

Processes in myocardial differentiation
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CHAPTER 5: Expansion of the anterior lateral plate mesoderm in

zebrafish by the small molecule concentramide.

In all vertebrates, cells that contribute to the heart arise from bilateral populations

within the anterior lateral plate mesoderm (ALPM). While a number of genes have been

identified that regulate the induction, differentiation and morphogenesis of this tissue,

less is known about the mechanisms that control the size of the ALPM. Studies on size

control have focused on the regulation of the cardiac field within the ALPM. A

combination of fate map and gene expression studies has defined the cardiac field as the

region within the post-gastrula stage embryo that has the potential to give rise to cardiac

precursors (Serbedzija et al., 1998; Raffin et al., 2000). The expression of the

homeodomain gene nkx2.5 has been correlated with this area of competence (Serbedzija

et al., 1998). Additionally, overexpression of nkx2.5 causes a general increase in heart

size, suggesting that nkx2.5 is critical for controlling heart size (Chen et al., 1996;

Cleaver et al., 1996).

Embryological manipulations in different species have identified a number of

tissues adjacent to the cardiac field that regulate its development. In chick and amphibian

embryos, the neural plate is thought to provide signals that suppress the differentiation of

cardiac mesoderm as explants of the cardiac field cultured with neural tissue results in the

absence of beating tissue (Climent et al., 1995; Raffin et al., 2000; Tzahor and Lassar,

2001). Similarly, removal of dorsal structures including the neural tube results in an

enlargement of the heart in Xenopus embryos indicating that signals from dorso-anterior

tissues regulate the size of the heart (Garriock and Drysdale, 2003). Additionally, the
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notochord appears to be a source of signals that restrict the posterior extent of the cardiac

field in zebrafish (Goldstein and Fishman, 1998). Conversely, the anterior endoderm is

thought to provide inductive signals for cardiac tissue formation in chick and amphibians

(Schultheiss et al., 1995; Nascone and Mercola, 1995). Although it is clear from these

studies that adjacent tissues can modulate the expression of myocardial contractile genes,

the effects of these manipulations on the overall patterning and size of the ALPM have

not been explored. It is possible that these manipulations specifically affect the

differentiation of the cardiac precursors. Alternatively, the effects on the cardiac field

may be the result of an overall reduction or expansion of the ALPM.

Regulation of the ALPM is essential for heart tube formation as both the

myocardial and endocardial precursors arise from this tissue. In zebrafish, mutants that

exhibit abnormalities in ALPM patterning subsequently display defects in the number of

myocardial cells and myocardial gene expression (Kishimoto et al., 1999; Reiter et al.,

1999; Reifers et al., 2000; Yelon et al., 2000; Reiter et al., 2001). Analyses of these

mutants have led to the identification of several signaling pathways and transcriptional

mediators that regulate ALPM patterning in zebrafish First, dorsoventral patterning of

the embryo mediated by Brmp2b is critical for establishing the LPM as anterior and

posterior LPM derivatives are reduced or absent in Bmp.2b mutants (Kishimoto et al.,

1999). Secondly, the secreted molecule Fgf8 is required for the expression of nkx2.5 and

gata4, but not gatað, in the ALPM (Reifers et al., 2000). Similarly, the function of the

transcription factor Gata■ is critical for the expression of nxk2.5 and gata4 in the ALPM

(Reiter et al., 1999). Moreover, ectopic expression of gata■ leads to the ectopic

expression of ALPM genes such as nkx2.5, gataj and gatað and ectopic beating tissue
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(Reiter et al., 1999). Finally, the bhLH transcription factor gene hand2, broadly

expressed in the LPM (Angelo et al., 2000; Yelon et al., 2000), is essential for its

mediolateral expansion as well as myocardial differentiation (Yelon et al., 2000).

Here, we show that the small molecule concentramide regulates the size of the

heart by controlling the size of the ALPM. Concentramide was identified in a chemical

screen for compounds that affect embryonic development (Peterson et al., 2000).

Embryos continuously exposed to concentramide starting at the 1-cell stage exhibit

defects in heart tube formation such that ventricular cells become surrounded by atrial

tissue (Peterson et al., 2001). This phenotype arises from a failure in heart cone tilting,

an intermediate step in heart tube formation in zebrafish (Yelon et al., 1999). The heart

cone which is comprised of ventricular precursors at its apex and atrial cells at its base is

formed as the bilateral populations of myocardial precursors move to the midline and

fuse. To form the linear heart tube, at 22 hours postfertilization (hpf), the heart cone tilts

posteriorly to the right side of the embryo and elongates anteriorly (Yelon et al., 1999).

Time exposure experiments indicated that the critical time during which concentramide

affects this process occurs between 14 and 16 hpf (Peterson et al., 2001). Here, we show

that concentramide also affects the size of the ALPM which subsequently leads to the

enlargement of the cardiac field. We demonstrate that the effectiveness of

concentramide on the ALPM is restricted to mid-gastrulation stages and can be

segregated from its later effects on heart cone tilting. Futhermore, we show that the

effectiveness concentramide on the ALPM is dependent upon the function of Hand2 and

Gata■ , placing the molecular target(s) of concentramide upstream of these two

transcription factors. The effectiveness of concentramide on the ALPM is however
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Results

Concentramide treatment leads to the expansion of the myocardial domain.

The Small molecule concentramide was identified as a compound that disrupts

heart tube formation at the heart cone tilting stage (Peterson et al., 2001). At 26 hour

post-fertilization (hpf), embryos exposed to 24nM of concentramide starting at the 1-2

cell stage exhibit pericardial edema (Figure 5.1B, arrowhead), an indentation in the yolk

from the heart cone pressing into it (Figure 5.1B, arrow), and a flattened hindbrain

(Figure 5.1B, asterisk). The defect in heart cone tilting in concentramide treated embryos

can be observed by examining the expression of cardiac myosin light chain 2 (cmlc2). In

wildtype embryos at 28 hpf, the myocardial cells expressing cmlc2 have undergone heart

cone tilting and elongation to form a linear heart tube that is positioned on the left-side of

the embryo (Figure 5.1C). In embryos exposed to concentramide, the cmlc2 expressing

cells form a ring structure indicating an arrest at the heart cone tilting stage (Figure

5.1D). This observation is consistent with previous reports on the effects of

concentramide on heart tube formation (Peterson et al., 2001). However, comparison of

cmlc2 expression in wildtype and concentramide treated embryos at stages prior to heart

cone tilting revealed that the myocardial domain appears to be expanded in embryos

exposed to concentramide. At the 20-somite stage, the myocardial precursors in wildtype

embryos have come to the midline to form the cardiac cone (Figure 5.1E). In contrast, in

concentramide treated embryos, the myocardial precursors do not form a uniform ring

structure, and the cnlc2 expression domain is approximately twice the size of that in

wildtype embryos (Figure 5.1F). These results indicate that concentramide is involved in

determining the size of the heart cone as well as inhibiting heart cone tilting.
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Expansion of the ALPM in concentramide treated embryos

The myocardial precursors arise from a subset of cells within the ALPM. The

expansion of the heart cone in concentramide treated embryos could be a result of fate

assignment defects within the ALPM. Alternatively, the expansion of the heart cone

could reflect an overall expansion of the ALPM. To distinguish between these two

possibilities, we examined the expression of markers specific to the cardiac field or the

entire ALPM in concentramide treated embryos.

The homeodomain gene nkx2.5 defines the cardiac field in zebrafish (Chen and

Fishman, 1996). Additionally, nkx2.5 is expressed in a broader area of the ALPM than

that which contributes to the myocardium (Serbedzija et al., 1998). Therefore, we asked

whether nkx2.5 expression is expanded in concentramide treated embryos. At the 16

Somite stage, nkx2.5 is expressed in bilateral stripes of the ALPM that extend beyond the

anterior tip of the notochord (Figure 5.2A) (Serbedzija et al., 1998; Yelon et al., 1999).

In concentramide treated embryos, the nkx2.5 expression domain is expanded

mediolaterally in comparison to wildtype embryos (Figure 5.2B). However, no tail (ntl)

expression in the developing notochord appears unaffected. These results support the

hypothesis that the expansion of the heart cone by concentramide reflects an overall

eXpansion of the ALPM.

To assess the size of the entire ALPM in concentramide treated embryos we

*amined the expression of hand2 and gata.5. The bhLH transcription factor gene hand2

and members of the gata family of transcription factor genes (4/5/6) are expressed in

*rlapping patterns in the ALPM (Serbedzija et al., 1998; Reiter et al., 1999; Yelon et

al., 2000; Heicklen-Klein and Evans, 2004). At the 18-somite stage, hand2 expression
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marks the bilateral sheets of ALPM (Figure 5.2C, brackets) (Yelon et al., 2000). The

hand 2 expression domains appear broader in concentramide treated embryos (Figure

5.2D, brackets). hand2 is also expressed in the posterior portion of the LPM (Yelon et

al., 2000). The posterior hand2 expression domain appears unaffected in concentramide

treated embryos (data not shown). At the 20-somite stage, the anterior gataj expression

domain includes the myocardial precursors that have fused to form the heart cone as well

as the surrounding sheet of ALPM cells (Figure 5.2E). Posteriorly gata 5 expression

trails off in two bilateral stripes (Figure 5.2E, arrowheads). These two posterior bilateral

stripes most likely reflect a timing difference in the medial movement of the ALPM along

the anterior-posterior (AP) extent of the LPM. In concentramide treated embryos, the

gata 5 expression domain in the anterior portion of the ALPM appears expanded

mediolaterally (Figure 5.2F, brackets), while the posterior expression domain appears

unaffected (Figure 5.2F, arrowheads) indicating that the effects of concentramide are

restricted to the anterior portion of the ALPM. We obtained similar results with other

ALPM markers, including hrt and gata4 (Serbedzija et al., 1998; Griffin et al., 2000; data

not shown). Together, these results indicate that the ALPM including the myocardial

domain is expanded in concentramide treated embryos.

Stage dependent expansion of the myocardial domain by concentramide treatment

To determine the developmental stage when concentramide is inducing the

*Pansion of the myocardial domain and the ALPM, we added the small molecule to the

°mbryo medium at various time points and assayed for myocardial and ALPM expansion

by in situ hybridization. As shown in Figures 3B and E, addition of concentramide

!-

- d

º

º

116



before 8 hpf resulted in an expansion of the myocardial domain, but treatment after 10

hpf did not cause an expansion of this tissue (Figures 5.3C, F). Similar results were

obtained with ALPM markers (data not shown). Additionally, double staining with

cmlc2 and krox20, a marker of rhombomeres 3 and 5 of the hindbrain (r3 and r3) (Oxtoby

and Jowett, 1993), reveals that the expansion of the myocardial domain resulted in a shift

in the relative position of the myocardium with respect to the hindbrain. In wildtype

embryos, the posterior end of the myocardial domain aligns with r3 (Figure 5.3D). A

similar alignment was observed in embryos exposed to concentramide after 10 hpf

(Figure 5.3F). In embryos exposed to concentramide prior to 8 hpf, however, the

posterior end of the expanded myocardial domain extends to rS (Figure 5.3E). In

addition to causing an expansion in myocardial gene expression, exposure to

concentramide prior to 10 hpf resulted in neural patterning defects as seen by the

reduction of krox 20 expression in r3 and r3 (Figure 5.3 E). While treatment after 10 hpf

did not lead to an expansion of the myocardial domain or neural patterning defects, heart

cone tilting was inhibited in these embryos. The heart cone tilting defects was observed

in embryos exposed to concentramide after 12 hpf, but not after 16 hpf, indicating that

the critical time point at which concentramide inhibits heart cone tilting occurs before 16

hpf and most likely after 12 hpf (Figure 5.3G). This result is consistent with previous

reports of the developmental time window at which concentramide is effective in

inhibiting heart cone tilting (Peterson et al., 2001). However, the critical developmental

stage at which exposure to concentramide resulted in the expansion of the ALPM occurs

early during gastrulation stages between 8 to 10 hpf (Figure 5.3G). The distinct time

windows of sensitivity to concentramide that leads to these two phenotypes indicates that

;
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the molecular target(s) of concentramide functions at multiple steps during cardiac

development.

To further characterize the myocardial precursors in concentramide treated

embryos, we examined the myocardial precursors by confocal microscopy. Using a

transgenic line that expresses green fluorescence protein (GFP) under the control of the

cmlc2 promoter (Huang et al., 2003), we examined the cellular architecture of the

myocardial precursors in concentramide treated embryos. We have previously shown

that the myocardial precursors form bilateral epithelia that are comprised of two rows of

cells with their apical surfaces facing each other (Figure 5.4A), and that in these

myocardial epithelia, ■ º-catenin is localized basolaterally and atypical protein kinases

(aPKCs) are enriched at the apicolateral membranes (Figure 5.4A) (Trinh and Stainier,

2004). While localization of 3-catenin and aPKCs appears unaffected in embryos

exposed to concentramide before 8 hpf, the bilateral populations of myocardial precursors

are disorganized (Figure 5.4B). Additionally, embryos exposed to concentramide prior to

8 hpf exhibit a dramatic increase in the number of GFP positive cells indicating that the

expansion in cmlc2 expression is due to an increase in the number of myocardial

precursors (Figure 5.4B). In contrast, exposure to concentramide starting at 10 hpf does

not lead to the disorganization of the myocardial epithelia and the number of myocardial

precursors appears similar to that seen in wildtype embryos (Figure 5.4C). However, the

myocardial epithelia do not form two rows of cells in embryos treated with

concentramide starting at 10 hpf. The cellular defects observed in embryos exposed at

these later time points may reflect the lack of heart cone tilting or may lead to heart cone
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tilting defects. Further analyses of this latter phenotype are beyond the focus of this

paper and will be explored in the future.

Expansion of the myocardial domain and ALPM is dependent on hand2 and gata■

function.

The transcription factors Hand2 and Gata■ are critical for ALPM patterning and

myocardial differentiation (Reiter et al., 1999; Yelon et al., 2000). Therefore, we asked

whether the expansion of the ALPM caused by concentramide is dependent on hand2 or

gata 5 function. The hand-off (han) and faust (fau) loci encode Hand2 and Gata■ ,

respectively (Reiter et al., 1999; Yelon et al., 2000), han and fau mutants exhibit a

dramatic reduction in the myocardial domains as assessed by cmlc2 expression (Figures

5.5E and I). In addition, the ALPM is reduced and fails to undergo mediolateral

spreading (Figures 5.5G and K) (Reiter et al., 1999; Yelon et al., 2000). The mediolateral

spreading of the ALPM as seen by the progressive expansion of ALPM gene expression

domains during somitogenesis stages has been hypothesized to reflect the morphogenesis

of the ALPM (Yelon et al., 2000). Concentramide treatment in han or fau mutants do

not lead to an expansion of the cmlc2 (Figures 5.5F, J) or gata■ (Figures 5.5H and L)

expression domains, suggesting that the molecular target(s) of concentramide functions

upstream of hand2 and gata.5.

Expansion of myocardial domain by concentramide treatment is independent of

endoderm.
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In addition to defects in mesodermal tissues, we found that concentramide treated

embryos have defects in endoderm morphogenesis. In wildtype embryos, foxA2 is

expressed in the anterior endodermal sheet that spans the midline (Figure 5.6A). In

concentramide treated embryos, the foxA2 expression domain is shortened along the AP

axis (Figure 5.6B).

The concurrent endodermal morphogenesis defect and ALPM expansion raised

the possibility that the ALPM expansion was due to defects in the endoderm. To analyze

the requirement of the endoderm in the expansion of the ALPM in concentramide treated

embryos, we examined the ability of concentramide to induce the expansion of the

myocardial domain in the absence of endoderm. casanova (cas) mutants which lack

endodermal cells exhibit defects in myocardial migration to the midline (Figure 5.6C)

(Alexander et al., 1999). cas mutants exposed to concentramide exhibited an expansion

of cmlc2 expression (Figure 5.6D), indicating that the concentramide induced expansion

of the myocardial domain does not require signals from the endoderm.
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Discussion

In this study, we show that exposure to the small molecule concentramide results

in an expansion of the myocardial domain as assessed by myocardial gene expression.

Concentramide has previously been implicated in embryonic AP patterning as it affects

the position of the myocardial domain relative to the midbrain/hindbrain boundary

(MHB) (Peterson et al., 2001). We show that this shift in the position of the myocardial

domain is only observed in embryos exposed to concentramide prior to mid-gastrulation

stages and reflects an increase in the size of this population. Additionally, we

demonstrate that the expansion of the myocardial domain reflects an overall increase in

the size of the ALPM. Molecular epistasis analyses indicate that the effectiveness of

concentramide on ALPM is dependent on the function of Hand2 and Gata■ and

independent of endoderm. More importantly, this increase in size can be temporally

dissociated from the cardiac cone tilting defects suggesting that the molecular target(s) of

concentramide regulates heart development at multiple developmental time points.

Implications for the regulation of ALPM development

We observed a specific expansion of the anterior portion of the LPM in embryos

exposed to concentramide. While some of the markers we used in our analyses are also

expressed in more posterior extents of the LPM (dhand and gata■ ), the expansion of

these markers is restricted to the anterior portion of the ALPM. These results suggest that

the LPM is differentially regulated along its A-P extent. This concentramide induced

ALPM expansion does not appear to be simply due to an increase in the levels of ALPM

gene expression. Our marker analyses show that the ALPM itself occupies a larger space
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within the embryo. This conclusion is further supported by results from our confocal

analyses demonstrating a clear increase in the number of myocardial precursors that form

in embryos exposed to concentramide from an early time point (Figure 5.4A). These

results raise the possibility that the expansion of the ALPM may be due to an increase in

proliferation of ALPM cells. Concentramide has been reported not to affect the rate of

proliferation in yeast or bromodeoxyuridine incorporation of mammalian cells (Peterson

et al., 2001). Based on the restricted expansion of the anterior portion of the ALPM it is

possible that concentramide specifically affects cell proliferation in this region of the

embryos. This specificity in the expansion of the anterior domain of the ALPM suggests

that the molecular target(s) of concentramide may be restricted to the ALPM.

Alternatively, the targets of concentramide may be more widely distributed but uniquely

functional in the anterior domain of the ALPM.

Parallels with Retinoid Acid Signaling

While the molecular target(s) of concentramide has yet to be identified, the

ALPM phenotypes that arise from exposure to this small molecule are superficially

reminiscent of inhibition of retinoid acid (RA) signaling. Like concentramide, RA

signaling has been implicated in the patterning of the myocardial domain through the

regulation of ALPM gene expression (Drysdale et al., 1997; Kostetskii et al., 1999; Jiang

et al., 1999). In Xenopus, excessive RA can block differentiation of the heart by

suppressing the expression of nkx2.5 (Drysdale et al., 1997). The expansion of nkx2.5

expression in concentramide treated embryos is therefore consistent with a potential

block in RA signaling. However, RA treatment also leads to an increase in gata4/5/6
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gene expression indicating that RA signaling specifically blocks nkx2.5 expression and

not the entire ALPM (Kostetskii et al., 1999; Jiang et al., 1999). From these results, one

would predict that the potential suppression of RA signaling by concentramide would

decrease gata gene expression in the ALPM. However, embryos exposed to

concentramide exhibit an expansion of gata gene expression as well as an expansion of

other ALPM genes.

Furthermore, a comparison of the effects of RA deficiency in other tissues

indicates that the phenotypes arising from exposure to concentramide is inconsistent with

it blocking RA signaling. First, deficiency in RA signaling leads to defects in endoderm

patterning. Specifically, the zebrafish neckless (nls) mutant, which lacks activity of the

RA synthetic enzyme Raldh2, exhibits defects in pancreas and liver formation (Stafford

and Prince, 2002). Additionally, excessive RA signaling by exogenous RA treatment

results in the anterior expansion of pancreatic gene expression (Stafford and Prince,

2002). While we observed defects in the morphogenesis of the anterior endoderm in

concentramide treated embryos, we did not detect additional AP patterning defects within

the endoderm (data not shown). Moreover, pancreas and liver formation is unaffected in

concentramide treated embryos (data not shown). A second tissue that is affected in nls

mutants is the fin bud (Begemann et al., 2001). The fin buds are a derivative of the

posterior portion of the ALPM, however fin formation is unaffected in concentramide

treated embryos (data not shown). This result is consistent with our finding that the

expansion of the ALPM is restricted to the anterior portion of the ALPM as seen with

dhand and gata■ expression (Figs. 2D and F). Finally, nls mutants exhibit defects in AP

patterning of the posterior head region (Begemann et al., 2001). Concentramide has been
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reported to affect AP patterning of the embryo (Peterson et al., 2001). We show that

patterning of the hindbrain in concentramide treated embryos is defective as krox20

expression in r3 and rS is dramatically reduced (Fig. 3E). Further analyses of neural

patterning in concentramide treated embryos indicate an absence of MHB formation (data

not shown). In contrast, MHB formation is unaffected while development of r3 and rS is

only delayed in nis mutants (Begemann et al., 2001). Taken together, the differences

between gain and loss-of-function of RA signaling and the effects of concentramide

argue against the possibility of a component of RA signaling being a molecular target(s)

of concentramide.

Role of endoderm

In chick and amphibian embryos, the anterior endoderm is a source of inductive

signals for cardiac formation (Schultheiss et al., 1995; Nascone and Mercola, 1995). In

spite of a defect in endoderm morphogenesis in concentramide treated embryos, we show

that the endoderm is not required for the ability of concentramide to expand of the

myocardial domain. Additionally, this expansion phenotype is most likely not due to

selective induction of cardiac genes. Our data suggest that concentramide treatments lead

to a general increase in the size of the ALPM, and not just myocardial gene expression.

Furthermore, the apparent increase in size of the ALPM and the myocardial domain is not

accompanied by a reduction in non-ALPM tissue suggesting that the expansion of the

ALPM is not due to a re-allocation of non-ALPM cells.

Wnt antagonists from the anterior endoderm have also been implicated in

inducing cardiac gene expression (Marvin et al., 2001). Additionally, in chick and
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amphibian embryos, Wnt signals emanating from the neural tube are thought to play an

inhibitory role in cardiogenesis (Tzahor and Lassar, 2001). Thus, it appears that an

inhibition of Wnt signaling is required for heart formation. While our results in cas

mutants do not support a model of a signal emanating from the endoderm regulating heart

size, it is possible that the endoderm is not the source of Wnt antagonists involved in

cardiac formation in zebrafish.

The ectopic expression of Wnt antagonists also leads to an expansion of anterior

fates resulting in the enlargement of head structures (Glinka et al., 1998; Hashimoto et

al., 2000; Shinya et al., 2000; Erter et al., 2001). While the effects of Wnt inhibition on

ALPM size regulation has not been examined, the increase in size of the ALPM that we

observe in concentramide treated embryos is consistent with an expansion of anterior

fates. It is possible that concentramide regulates ALPM size by suppressing Wnt activity,

and further experiments will need to test this hypothesis. However, it is important to note

that we do not observe an expansion in non-ALPM tissue, including head structures as

seen in ectopic inhibition of Wnt activity, indicating that the expansion phenotype in

concentramide treated embryos is not a general expansion of anterior fates.

While several factors have been implicated in ALPM patterning and can be

candidates for the molecular target(s) of concentramide, we provide evidence that the

molecular target(s) of concentramide functions upstream of Hand? and Gata■ . hand2 and

gata'5 are critical for the differentiation of the ALPM into a number of derivatives

including the myocardium (Reiter et al., 1999; Yelon et al., 2000). Functional analyses

and molecular epistasis experiments indicate that hand2 and gata 5 regulate ALPM and

myocardial differentiation from an early stage (Reiter et al., 1999; Yelon et al., 2000;
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Reiter et al., 2001). The inability of concentramide to exert its effects on the ALPM in

the absence of Hand? and Gata■ function suggests that the molecular target(s) of

concentramide functions early in the molecular hierarchy that regulates ALPM

development. Therefore, the identification of the molecular target(s) of concentramide

should provide further insight into the regulation of the ALPM.
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Materials and Methods

Zebrafish strains

Adult fish and embryos were maintained as described (Westerfield, 1994). The

following mutant alleles were used: han” (Yelon et al., 2000), fau"? ” (Reiter et al.,

1999), and cas” (Stainier et al., 1996).

Concentramide treatments

Batches of twenty embryos were treated prior to sphere stage by adding

concentramide to 1.5 mL of egg water at a final concentration of 24nM from a 10puM

stock solution in DMSO. All embryos exposed to concentramide starting from the 1-cell

stage to mid-gastrulation stages exhibit identical morphological and molecular

phenotypes. Moreover, concentramide treated embryos exhibit the same phenotype over

a range of concentrations from 6nM to 50nM. The effective concentration range for

concentramide has been reported to be between 2nM and 6p1M (Peterson et al., 2001).

Control embryos were treated with equivalent volumes of DMSO (0.24%). DMSO

treated embryos appeared wildtype at the concentration used. Therefore, in the text we

refer to control embryos as wildtype.

Time course experiments were performed as followed. Concentramide was added

at the specified time of development. The critical developmental periods at which

concentramide is needed for its effects were inferred from our ability to still observe the

phenotype after treatment started at that particular time point. For example, we

concluded that concentramide was needed between 8 to 10 hpf for the expansion of the

ALPM from experiments that showed exposure to concentramide starting at 2, 4, 6 and 8
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hpfled to an expansion of the ALPM. However, treatments starting after 10 hpf did not

lead to an expansion of the ALPM. From these experiments, we were able to exclude

concentramide affecting ALPM size after 10 hpf.

In situ hybridization and immunohistochemisty

Wholemount in situ hybridization was performed as described previously

(Alexander et al., 1998). Antibody staining followed by confocal microscopy was

performed as described previously (Trinh and Stainier, 2004).
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Figure 5.1 Concentramide treatment expands the myocardial domain.

(A, C, E) Control embryos, treated with DMSO only, and (B, D, F) concentramide

treated embryos. (A, B) Lateral views of bright field images at 26 hpf, anterior to the left.

(B) Compared to DMSO treated siblings (A), concentramide treated embryos show

pericardial edema (arrowhead), a compact heart, seen as an indentation in the yolk

(arrow), and a flattened hindbrain (asterisk). (C-F) cmlc2 expression; dorsal views,

anterior to the top. (C) At 28 hpf, control embryos have formed a linear heart tube that is

positioned on the left side of the embryo. (D) At the same stage in concentramide treated

embryos, cmlc2 expression reveals that the heart tube has not undergone heart cone tilting

and elongation, resulting in a cone-shaped heart. (E) At the 20-somite stage, the

myocardial precursors in control embryos have formed the cardiac cone as revealed by

cmlc2 expression. (F) However, in concentramide treated embryos, the cardiac cone is

dramatically expanded. This phenotype was seen in 100% of the concentramide treated

embryos (n=30). (G) Chemical structure of concentramide.
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Figure 5.1
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Figure 5.2 Expansion of the ALPM in concentramide treated embryos.

Expression analyses of myocardial and ALPM genes in control (A, C, E) and

concentramide treated (B, D, F) embryos; dorsoanterior view, anterior to the top. (A, B)

nkx2.5 and ntl expression. (B) nkx2.5 expression in the ALPM of concentramide treated

embryos appears expanded in its mediolateral extent when compared to the expression in

DMSO treated siblings (A). However, ntl expression in the developing notochord

appears unaffected. (C, D) hand2 expression. (C) In control embryos, hand2 expression

in the ALPM appears as two broad stripes at the 18-somite stage. (D) The hand2

expression pattern is expanded in concentramide treated embryos, appearing broader in

the anterior portion. (E, F) gataj expression. (E) The anterior gataj expression domain

spans the midline while the posterior domain remains bilateral at the 20-somite stage

(arrowheads). (F) In concentramide treated embryos, gata■ expression in the anterior

portion of the ALPM appears expanded, while the posterior expression appears

unaffected (arrowheads). Brackets indicate the anterior width of the bilateral ALPM

stripes. All images are shown at the same magnification.
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Figure 5.2
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Figure 5.3 Stage dependent expansion of myocardial precursors by concentramide

treatment.

(A-C) cmlc2 and ntl expression in control (A) and concentramide treated (B, C) embryos

at the 20-somite stage; dorsoanterior views, anterior to the top. (D-F) cmlc2 and krox20

expression in control (D) and concentramide treated (E, F) embryos at the 20-somite

stage; lateral views, anterior to the left. krox20 expression marks rhombomeres (r) 3 and

5 of the hindbrain. Brackets indicate the AP extent of cmlc2 expression. (B, E)

Concentramide treatment starting at 4 hpf results in an expansion of the myocardial

precursors as well as hindbrain patterning defects (arrow). (C, F) However, exposure to

concentramide starting at 10 hpf does not cause an expansion of the myocardial

precursors or hindbrain patterning defects. Note the alignment of the myocardial

precursors (as seen with cmlc2 expression) with respect to krox20 expression in r3 and r3

in concentramide treated embryos at the early and late time points. (G) Time course of

concentramide effectiveness. Green solid bars indicate the minimal developmental stage

during which exposure to concentramide results in an expansion of the ALPM, neural

tube patterning or heart cone tilting defects. Green diagonal bars indicate developmental

time points when exposure to concentramide results in a particular phenotype. See

materials and methods for details.
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Figure 5.3
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Figure 5.4 Early concentramide treatment leads to an increase in the number of

myocardial precursors.

Transverse confocal images of control (A) and concentramide treated (B, C) cmlc2::GFP

(false colored blue) transgenic embryos immunostained with antibodies against [-catenin

(red) and aPKCs (green) at the 24-somite stage; dorsal to the top. (A) In transverse

sections through the cardiac cone of control embryos, the myocardial precursors form

bilateral tubes comprised of two rows of cells with ■ º-catenin localized basolaterally and

aPKCs enriched at the apicolateral membranes. (B) In embryos exposed to concentramide

starting at 4 hpf, the bilateral tubes of myocardial precursors are disorganized and appear

to contain more cells. However, the localization of ■ º-catenin and aPKCs appears

unaffected. (C) Exposure to concentramide starting at 10 hpf does not lead to an

expansion of the myocardial precursors.
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Figure 5.5 Myocardial and ALPM expansion by concentramide treatment is

dependent on hand2 and gata■ function.

Expression of cmlc2 or gata 5 in control (A, C), concentramide treated embryos (B, D),

han mutant (E,G), han mutants treated with concentramide (F, H), fau mutants (I, K)

and fau mutants treated with concentramide (J, L); dorsoanterior views, anterior to the

top. (A) At the 22-somite stage, the myocardial precursors have come to the midline to

form the cardiac cone as seen with cmlc2 expression in control embryos. (B) The cardiac

cone is enlarged in concentramide treated embryos. (E, I) In han and fau mutants, the

few myocardial precursors that form fail to reach the midline, remaining bilateral. (F, J)

Concentramide treatment in han and fau mutants does not lead to an expansion of the

cmlc2 expression domains. (C) At the 20-somite stage, gata■ expression in the ALPM

spans the midline in the anterior domain and extends posteriorly in two bilateral stripes.

(D) The anterior gata■ expression domain is expanded in concentramide treated embryos.

(G) In han mutants, the gataj expression domain is dysmorphic and compact in

comparison to the broad sheet of ALPM expression in control embryos; however, the

anterior domain spans the midline. (K) In contrast, in fau mutants, the anterior

expression domain of gata■ fails to span the midline and the bilateral stripes appear

dysmorphic. (H, L) The gata■ expression domain does not appear to be affected by

concentramide treatment in han or fau mutants.
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Figure 5.6 Expansion of myocardial precursors by concentramide treatment is T

independent of endoderm.

(A, B) Expression of foxA2 in control and concentramide treated embryos. At 28 hpf,

foxA2 is expressed in the neural tube (arrow) and the anterior endoderm. (A) In control

embryos, foxA2 expression in the endoderm forms a sheet that spreads across the midline.

(B) The endodermal sheet in concentramide treated embryos appears shortened in the AP

axis. (C, D) Expression of cmlc2 in cas mutants and cas mutants exposed to

concentramide. (C) At the 22-somite stage, in cas mutants, the cmlc2 expression domain

remains bilateral as a result of a lack of myocardial migration due to the absence of º
*.

endoderm. (D) In cas mutants exposed to concentramide, the bilateral cmlc2 expression ■ " .

-
--

domains clearly appear expanded. All views dorsal, anterior to the top. º
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CHAPTER 6: Perspectives

Myocardial epithelial differentiation and morphogenesis

In this dissertation, I have focused on the processes that govern the differentiation

and morphogenesis of the myocardial precursors. Through this work, we have shown

that the myocardial precursors form coherent epithelia that mature as they move to the

midline. At the start of the migration process, the myocardial precursors are cuboidal in

shape and show an enrichment of the adherens junction proteins atypical protein kinases

(aPKCs) at points of cell-cell contacts. As migration proceeds, cell junctional and

associated proteins such as aPKCs, zonula occluden-1 (ZO-1) and 3-catenin show an

increased asymmetric localization in the myocardial precursors. This enrichment of cell

junctional proteins in the myocardial precursors throughout the migration stages indicates

that these cells are forming tight adhesions to one another and migrate as coherent

populations.

The hand2 gene is one critical regulator of this process as hand2 mutants exhibit

defects in myocardial epithelial formation. Handz is an essential mediator of myocardial

differentiation. Our analyses in hand2 mutants suggest that myocardial epithelial

maturation is a part of the differentiation process. While we show that Hand2 is uniquely

required for the myocardial precursors to acquire epithelial identity, it is unclear what

downstream targets are regulated by Hand2 in this process. Thus, identification of these

targets will shed light on the molecular pathways that regulates myocardial epithelial

formation.
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Our finding that the myocardial precursors form an epithelium during the

migration stages open up interesting areas of investigation, for example how an epithelial

sheet undergoes morphogenesis. In contrast to individual cells, epithelia migrate as

coherent populations and need to coordinate movement of the entire sheet. Furthermore,

in migrating epithelia, cells on the edge of the epithelia exhibit a mesenchymal phenotype

and can provide the driving force for migration (Kiehart et al., 2000). We have shown

that the medial most myocardial precursors exhibit leading edge cell morphology.

Specifically, the medial most cells of the migrating bilateral epithelia occasionally lose

their cuboidal shape and form cellular extensions toward the midline suggesting that the

myocardial epithelia are undergoing active directional migration. While these data are

suggestive, it remains to be demonstrated that the medial myocardial precursors are

leading edge cells that provide the driving force for myocardial migration.

Cell-substratum interaction in myocardial migration

Through mutant analyses we demonstrate a role for the substratum in

coordinating myocardial epithelial movement. We have shown that the gene natter (nat),

encoding Fibronectin, is required for myocardial migration and maintaining the integrity

of the myocardial epithelia. In many vertebrates, analyses of Fibronectin function have

implicated a role for Fibronectin in the early morphogenesis of a variety of tissues. In

amphibian embryos, Fibronectin is deposited between the ectoderm and mesoderm.

Injections of anti-Fibronectin antibodies or inhibitory peptides disrupt mesodermal cell

migration during gastrulation (Boucaut et al., 1984; Ramos and DeSimone, 1996;

Winklbauer and Keller, 1996). In chick embryos, antibodies to Fibronectin block the

º
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migration of mesodermal cells out of the primitive streak (Harrisson et al., 1993).

Additionally, heart tube formation is disrupted in chick embryos treated with an antibody

to Fibronectin (Linask and Lash, 1986; Linask and Lash, 1998). Mouse embryos lacking

Fibronectin die between E8.0- E8.5 with defects in the neural tube, vasculature,

notochord, somites, and heart (George et al., 1993). In all cases, the absence of

Fibronectin leads to phenotypes that are consistent with a model predicting that

Fibronectin provides a directional cue for myocardial cell migration along a defined

pathway. However, our analyses indicate that Fibronectin is not simply a substrate for

migration. During the migration stages, Fibronectin is deposited on the basal side of the

maturing myocardial epithelia and at the midline between the endoderm and endocardial

precursors. Further analyses show that Fibronectin deposition at the midline is required

for the timely migration of myocardial precursors, but is dispensable for the migration

process itself. In the complete absence of Fibronectin deposition, adherens junctions

between the myocardial precursors do not form properly suggesting that cell-substratum

interactions are required for epithelial organization. These data suggest that Fibronectin

provides a cue important for establishing cellular asymmetry in the migrating myocardial

precursors. These findings lead to the proposals that Fibronectin is essential for

maintaining epithelial integrity and that this maintenance of epithelial organization is

critical for the migration of the myocardial precursors

While we are gaining a better understanding of Fibronectin function in

myocardial migration, these studies raise a number of questions. In particular, how does

Fibronectin regulate the localization of junctional proteins such as aPKCs and ZO-1?

Intracellular signaling of Fibronectin is mediated through binding of the integrin
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receptors. Integrins form transmembrane heterodimers composed of O. and 3 subunits of

which there are more than 20 known members (Hynes, 1992). While os■ ;1 is believed to

be the key receptor that mediates Fibronectin function during development, heart tube

formation appears relatively unaffected in O.5 null mouse embryos (Yang et al., 1993).

This result raises the question as to which integrin(s) are responsible for Fibronectin

assembly at the basal side of the myocardial precursors and subsequent intracellular

signaling to organize the apicobasal polarity of the myocardial epithelia. Furthermore,

Fibronectin has also been reported to regulate cell-cell junctions in branching

morphogenesis during salivary gland formation in mouse (Sakai et al., 2003). However,

in this system it was suggested that cell binding to Fibronectin leads to a local loss of

cadherins at cell-cell junctions. The different effects of Fibronectin during myocardial

migration and salivary gland branching morphogenesis suggest that Fibronectin may have

tissue specific regulatory roles within the embryo. Are the different functions of

Fibronectin in these tissues mediated through specific integrin(s) or signaling components

downstream of the integrins? Further studies of the integrins involved should provide

insights into these questions. Finally, many questions remain as to how epithelial

organization allows or leads to coordinated cell movement. Thus, studying the

myocardial migration process will further our understanding of the molecular and cellular

requirements for epithelial morphogenesis.

One approach that should provide invaluable insights into this process is to assess

myocardial cell behavior in real time. The transgenic line that we used throughout this

work along with additionally transgenic expressing fluorescent proteins that label cell

morphology will be powerful tools for the analyses of cardiac morphogenesis on a
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detailed cellular level. This analysis in both wildtype and mutant situations should

further facilitate our understanding of the complex cell behavior and tissue-tissue

interactions during different stages in cardiac morphogenesis.

Additionally, the identification of additional regulators of cardiac development

through the cloning of existing mutations and isolation of new loci will be instrumental to

further our understanding of the genetic networks involved in cardiac development.

These studies will provide the framework to clarify the relationship between genetic

networks that regulate cardiac differentiation and the morphogenetic processes that drive

organogenesis.
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APPENDIX 1: Morphogenesis of the anterior lateral plate mesoderm

The lateral plate mesoderm (LPM) starts out as narrow bilateral stripes of tissues

on either side of the midline. During mid-somitogenesis (10- to 20-somite stages), the

anterior portion of these bilateral populations (ALPM) undergo a spreading process in

which they expand mediolaterally to meet at the midline. This morphogenetic process

has been documented by the expansion of ALPM gene expression domains (Reiter et al.,

1999; Yelon et al., 2000; Heicklen-Klein and Evan, 2004). It has been hypothesized that

the expansion of ALPM gene expression domains reflects the morphogenesis of this

tissue through a combination of cell movements and proliferation (Yelon et al., 2000).

Additionally, the morphogenesis of the ALPM may reflect changes in cell shape.

However, the cellular basis of this process has not been explored.

The hand2 gene is a critical regulator of ALPM morphogenesis as han mutants

exhibit defects in the expansion of ALPM gene expression domains (Yelon et al., 2000).

In han mutants, ALPM gene expression initiates in the bilateral populations, however,

these gene expression domains fail to undergo the mediolateral expansion seen in

wildtype embryos (Figure A2.1) (Yelon et al., 2000). While it is clear that Hand? is

important for mediolateral expansion of the ALPM, the cellular basis of this requirement

is unclear.

In this appendix, we focus on the regulation of the ALPM. We test the hypothesis

that cell proliferation is one mechanism regulating the morphogenesis of the ALPM.

Using bromodeoxyuridine (BrdU) incorporation to assay for cell proliferation, we
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determined that the ALPM exhibits proliferation at specific stages. Additionally, we

show that there are two phases of cell proliferation within the ALPM. We further show -> -º

that Hand■ 2 appears to regulate the second phase of proliferation suggesting that the
-

morphogenesis defects in han mutants are due to a deficiency in cell proliferation.
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Results

Stage specific proliferation in the LPM

In order to assess proliferation in the ALPM, we performed Brdu pulse-chase

experiments. Brdu is incorporated into DNA only during its replication and thus labels

cells that are actively proliferating (Schutte et al., 1987). Pulses of Brd'U incorporation

were performed at specified times in cmlc2::GFP transgenic embryos. After Brdu

incorporation, embryos were allowed to develop to the 20-somite stage before

immunostaining to assay for Brd'U incorporation. At the 20-somite stage, GFP clearly

labels the myocardial precursors in cmlc2::GFP transgenic embryos (Trinh and Stainier,

2004). The myocardial precursors are a subset of cells within the ALPM. In the absence

of a general label for the ALPM, this approach allowed us to label a subset of cells within

the ALPM, mainly the myocardial precursors.

The Brdu pulses were performed at four distinct time points. These time points

were chosen based on critical developmental landmarks. We chose two time points

surrounding the initiation of ALPM morphogenesis, immediately before (12 to 14 hpf)

and immediately after (14 to 16 hpf) the expansion of ALPM gene expression domains

can be detected. Additionally, we chose two time points surrounding the migration of the

myocardial precursors, from 17 to 18 hpf and 18 to 19 hpf.

This analysis revealed that the ALPM undergoes stage specific proliferation.

Between 12 to 14 hpf, the ALPM cells that gave rise to the myocardial precursors

exhibited a high rate of proliferation as revealed by Brd'U incorporation in approximately

half of myocardial precursors (Figure A1.1A). This high rate of proliferation in the

ALPM is followed by a stage of moderate level of proliferation. Between 14 to 16 hpf,
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cell proliferation was detected in the ALPM cells but at a lower rate than seen at the

earlier stages (Figure A1.1B). During the stages of myocardial migration, cell

proliferation does not appear to contribute to the morphogenesis of the ALPM. At these

stages, the embryos rarely incorporated Brd'U into the myocardial precursors indicating

that cell proliferation is not a mechanism regulating the midline movement of the

myocardial precursors (Figures A1.1C, D).

ALPM proliferation defects in han mutants

The transcription factor Hand2 is critical for the morphogenesis of the ALPM

(Yelon et al., 2000). In han mutants, the ALPM is indistinguishable from wildtype prior

to 14 hpf (10-somite) (Figures A1.2A, D) (Yelon et al., 2000). At 16 hpf, the ALPM in

han mutants start to become dysmorphic and fails to undergo the spreading process

(Figure A1.2 C, F) to form the sheets of ALPM that are seen in wildtype embryos (Figure

A1.2B, E) (Yelon et al., 2000). Based on these observations and our previous finding that

the ALPM undergoes stages specific proliferation, we hypothesized that the ALPM

morphogenesis defects in han mutants are a result of defects in cell proliferation. To test

this hypothesis, we assessed cell proliferation in han mutants.

In han mutants, cell proliferation in the ALPM does not appear to be affected

initially. Between 12 to 14 hpf, when the ALPM is actively proliferating in wildtype

embryos (Figure A1.3A), Brd'U incorporation is detected in the few myocardial

precursors and the surrounding cells in han mutants (Figure A1.3B). As han mutants

exhibit a dramatic reduction in the number of myocardial precursors, it is difficult to

assess whether the surrounding cells are part of the ALPM. However, the cells
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surrounding the myocardial precursors are most likely ALPM as we do not Brd'U

incorporation in this cells at the later time point. Between 14 to 16 hpf, when the ALPM

exhibit a moderate rate of proliferation in wildtype embryos (Figure A1.3C), few Brd'U- —r

positive cells are detected in and surrounding the myocardial precursors in han mutants

(Figure A1.3D). These results suggest that Hand2 regulates cell proliferation in the

ALPM in a stage dependent manner.
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Discussion

In this appendix, we test the hypothesis that cell proliferation is a mechanism that

regulates ALPM morphogenesis. Our preliminary studies indicate that the ALPM exhibit

stage specific cell proliferation. Initially, between 12 to 14 hpf, the ALPM appears to

undergo a high rate of proliferation. This initial stage of proliferation is followed by a

stage of lower levels of proliferation between 14 to 16 hpf. Interestingly, during the

migration of the myocardial precursors, the ALPM appears to be quiescent. Furthermore,

we provide evidence that Hand2 regulates cell proliferation in a stage dependent manner.

These results suggest that proliferation in the ALPM is regulated in two distinct phases.

Cell proliferation regulating ALPM morphogenesis

Our results in han mutants indicate that cell proliferation in the ALPM occurs in

two distinct phases. The initial phase of high rate of cell proliferation between 12 to 14

hpf appears to be independent of Hand2 function. At these stages, the ALPM appears as

narrow bilateral stripes by gene expression analyses (Figures A1.2A, D) (Yelon et al.,

2000; Heicklen-Klein and Evans, 2004). The expansion of the ALPM has been described

to occur during mid- to late-somitegenesis stages (14 to 19 hpf) (Yelon et al., 2000). It is

possible that the high rate of proliferate between 12 to 14 hpf contributes the mediolateral

expansion of the ALPM. However, results in han mutants suggest that this may not be

the case. Specifically, han mutants exhibit a defect in the mediolateral expansion of the

ALPM, yet, cell proliferation appears to be unaffected in han mutants between 12 to 14

hpf (Figure A1.3B). Gene expression analyses are consistent with these results as han

mutants to do not exhibit ALPM defects prior to 14 hpf (Figures A1.2A, D) (Yelon et al.,
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2000). Nevertheless, we do observe a high rate of proliferation in the ALPM prior to the

mediolateral expansion of the ALPM. At the same time the ALPM is undergoing the

mediolateral expansion, the embryo is extending along the anterior-posterior (AP) axis

(Kimmel et al., 1995) It is possible that the high rate of proliferation we observed

between 12 to 14 hpf contributes to the extension of the ALPM long this axis. Further

analysis focusing on cell proliferation along the AP axis of the LPM would be most

informative.

The second phase of cell proliferation between 14 to 16 hpf in the ALPM appears

to be dependent on Hand2 function. During this phase, the rate of cell proliferation in

wildtype embryos appears to be lower than the Hand2 independent stage. In han

mutants, we observe a reduction in cell proliferation between 14 to 16 hpf specifically in

cells surrounding the myocardial precursors. These results suggest that the ALPM

morphogenesis defects in han mutants are due to a lack of cell proliferation. A similar

mechanism has been suggested for Hand2 in lower incisor morphogenesis (Abe et al.,

2002). In this system, Hand2 also is required for the survival of tooth germ cells. In the

branchial arches, Handz has also been implicated in the cell survival (Thomas et al.,

1998). Although it is possibility that the reduction of Brd'U-positive cells in the ALPM of

han mutants is due to cell death. Our results showing that Brd'U-positive cells can be

detected around the myocardial precursors when pulsed between 12 to 14 hpf suggest that

defects in cell survival is unlike a mechanism leading to the reduction of Brd'O-positive

cells when pulsed between 14 to 16 hpf. However, our data points to a stage specific

regulation of the cell proliferation by Hand2 in the ALPM.
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Future Directions I d

The results presented in this appendix are preliminary. The results I presented in º

this text need to be repeated as the conclusion I draw in this section have not been — ,

quantified and are based on low numbers. In particular, more experiments are need in

han mutants to confirm my initial observations that Hand? may regulate a specific phase

of cell proliferation within the ALPM. More importantly, a method to label all ALPM

cells is needed. The cmlc2::GFP transgene that I used in the experiments allow us to

draw conclusions on cell proliferation within the myocardial precursors of the ALPM. A

more general marker of the ALPM would be most informative for the analysis of han

mutants as the myocardial precursors are reduced in these embryos. A transgenic line

that uses the gata4 promoter to drive green fluorescent protein (GFP) in the ALPM has

been described recently (Heicklen-Klein and Evans, 2004). A similar analysis as we

have presented in this text with the gata4::GFP line will help to confirm our initial

findings in han mutants. Additionally, real time assessment of the proliferating cells ---

should provide insights into how cell proliferation contributes to ALPM morphogenesis. * , ,
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Materials and Methods

Brd U pulse-chase

Cell proliferation was assayed by incorpation of Brd'U. Brd'U pulse-chase

experiments were performed as followed. Dechorinate embryos were incubated in 10mM

BrdU/15% DMSO/Egg water for 1 or 2hrs at 28°C in agar-coated Petri dishes. After the

initial pulse, embryos were transferred to fresh Egg water and wash several times over

the time period of the chase. At the 20-somite stage, embryos were fixed overnight in 4%

PFA/PBS at 4°C.

Detection of Brd'U incorporation was performed as followed. Before antibody

staining, fixed embryos were incubated for 5 minutes at room temperature with Pronase

reagent (Biomeda Corporation), followed by one hour in 2M HCl at 37°C. For antibody

staining, embryos were washed several times with PBDT (5% BSA, 1% DMSO, 0.1%

Triton/PBS) before incubating overnight with antibodies to Brdu (1:200; Accurate

Chemicals & Scientific Corp.), GFP (1:500; Torrey Pines Laboratory) and ■ º-catenin

(1:500; Sigma) at 4°C. After antibody staining, embryos were embedded in agarose and

sectioned and prepped for confocal analyses as described previously (Trinh and Stainier,

2004).
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Figure A1.1. Stage specific proliferation in the ALPM.

(A-D) Transverse confocal images of cmlc2::GFP (green) transgenic at the 20-somite

stage immunostained with antibodies against Brdu (red), 3-catenin (blue), and GFP

(green) after Brdu incorporation at specified time; dorsal to the top. GFP labels the

myocardial precursors. (A) Between 12 to 14 hpf, the ALPM cells that give rise to the

myocardial precursors exhibite a high rate of proliferation as revealed by Brd'O

incorporation in approximately half of the myocardial precursors (n=6). (B) Between 14

to 16 hpf, the myocardial precursors display a moderate level of proliferation (n=32). (C,

D) Embryos exposed to Brdu between 17 to 18 hpf (n=12). (C) and 18 to 19 hpf (n=7).

(D) rarely incorporated Brdu in the myocardial precursors.
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Figure A1.1
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Figure A1.2 ALPM morphogenesis defects in han mutant.

(A-C) gata4 and (D-F) gataj expression; dorso-anterior views; anterior to the top. (A,

D) At 14 hpf (10-somite), gata4 and gata■ expression in the bilateral stripes of the LPM

are indistinguishable between wildtype and han mutants. (B, E) At 16 hpf (14-somite), in

wildtype embryos, the gata4 and gata■ expression domains appear broader than the 10

somites stage. (C, F) In han mutants, at 16 hpf, the gata4 and gata■ expression domains

fail to expand, appearing narrow and dysmorphic.
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Figure A1.3 ALPM proliferation defects in han mutants.

Transverse confocal images of wildtype (A, C) and han mutants (B, D) in cmlc2::GFP

transgenic background immunostained with antibodies against Brdu (red), @-catenin

(blue), and GFP (green) after Brd'U incorporation at specified time; dorsal to the top. (A)

Between the 12 to 14 hpf, in wildtype embryos, the myocardial precursors exhibit a high

rate of proliferation. (B) Between 12 to 14 hpf, in han mutants, cell proliferation does

not appear to be affected despite the reduction in myocardial precursors as Brd'U

incorporation is abundant in cells surrounding the myocardial precursors (n=11). (C)

Between 14 to 16 hpf, in wildtype embryos, the myocardial precursors exhibit a moderate

rate of proliferation. (D) Between 14 to 16 hpf, in han mutants, few Brdu positive cells

are detected in and surrounding the myocardial precursors (n=12).
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Figure A1.3
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APPENDIX 2: Genetic interaction linking sphingosine 1-phosphate

signaling and Fibronectin.

Large-scale genetic screens in zebrafish have identified eight mutations that

disrupt myoardial migration to the midline, resulting in the formation of two separate

hearts, a phenotype referred to as cardia bifida (Chen et al., 1996; Stainier et al., 1996;

Alexander et al., 1998). One of these mutations, miles apart (mil), encodes a high affinity

S1P receptor, a member of the endothelial differentiation gene (EDG) family of G

protein-coupled-receptor (SIP2) (Kupperman et al., 2000). This family of receptors

regulates fundamental processes such as cell proliferation, differentiation, survival and

migration (Kluk and Hla, 2001; Panetti et al., 2000; An et al., 2000; Hla, 2001; Saba,

2004). Their ligand, S1P, is a bioactive lysophospholipid that regulates a wide range of

processes including cardiac and neural morphogenesis, wound healing and lymphocyte

trafficking (Moolenaar, 1999; Mandala, 2002). Despite the importance of S1P signaling,

the mechanism by which this signaling pathway regulates morphogenesis is unknown.

The mil gene provides a unique opportunity to gain insights into this critical signaling

pathway in zebrafish. Although mutations in mil affect migration of the myocardial

precursors, cell autonomy studies indicate that mil is not required in the migrating

myocardial precursors themselves. These results have led to a model in which Mil

functions to provide an environment permissive for myocardial migration to the midline

(Kupperman et al., 2000). However, the mechanisms by which S1P signaling through

Mil can lead to an environmental competence for myocardial migration are unknown.
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In this appendix, I will present the genetic interaction between mil and the natter

(nat) gene, which encodes Fibronectin. Additionally, I provide evidence suggesting that

this interaction is at the level of endoderm morphogenesis. The work has been performed

in collaboration with Nick Osborne, who is pursuing the characterization of Mil signaling

in his thesis project. I present here my contribution to this story.
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Results

Genetic interaction between nat and mil loci in myocardial migration

To explore the mechanisms by which mil functions to regulate myocardial

migration, we examined other cardia bifida loci and found that natter (nat) exhibits a

strong genetic interaction with mil. While both mil and nat exhibit cardia bifida only as

homozyogotes (Figures A2.1 A-C), embryos transheterozygous for mil and nat exhibit a

range of myocardial migration defects, from a mildly delayed fusion to complete cardia

bifida (Figures A2.1G-J). In addition to myocardial migration defects, mil";nat”

transheterozygotes also exhibit epithelial tail blisters and/or a flattened hindbrain (Figures

A2.1D-F), phenotypes only seen in mil or nat homozygotes, respectively (Figures

A1.1C). The myocardial migration defects seen in mil";nat” transheterozygous

embryos suggest that mil and nat function in parallel to regulate this process.

Endoderm morphogenesis defects in mil, nat and mil;nat transheterozygous

mutants.

Defects in endoderm formation and morphogenesis can affect myocardial

migration (Schier et al., 1997; Alexander et al., 1999; Reiter et al., 1999, Kikuchi et al.,

2000). In mil mutants, the anterior endoderm has been reported to exhibit morphogenesis

defects such that the endodermal sheet fails to converge to the midline and thus appears

wider (Kupperman et al., 2000). On closer inspection with the endodermal marker, foxA2

it also appears that the anterior exhibit integrity defects. Instead of forming a continous

sheet of endodermal tissue that spans the midline (Figure A2.2A), in mil mutants,

endodermal sheet appears thin and lacks expression of foxA2 in some areas (Figure
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A2.2B, arrow). In transverse sections, it appears that some of the endodermal cells fail

to contact each other (Nick Osborne, personal communication). In contrast, in nat

mutants, the endodermal sheet fails to extend across the midline (Figure A2.2C). In

transverse sections, it appears that the endodermal sheet in nat mutants cluster together

(data not shown). In mil;nat transheterozygous, the endodermal sheet appears similar to

that seen in mil mutants. By foxA2, the endodermal sheet appears patchy, missing tissue

in some areas (Figures A2.2D, E, arrows).
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The genetic interaction between mil and nat indicate that these two genes function *2 s
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in parallel to regulate myocardial migration. The myocardial migration defects in mil – ri

mutants may be secondary to perturbations in the endoderm as mil mutants exhibit 7//
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endoderm integrity and morphogenesis defects (Figure A2.2B) (Nick Osborne, personal 7. !

communication). Interaction between the endoderm and myocardial precursors is thought
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to be essential for myocardial migration (Narita et al., 1997; Schier et al., 1997;

Alexander et al., 1999; Reiter et al., 1999; Kikuchi et al., 2000; David and Rosa, 2001).

However, we have previously shown that the myocardial migration defects in nat mutants ---

appear to be independent of the endoderm morphogenesis defects (Trinh and Stainier,

2004). Additionally, the endoderm defects in mil mutants are drastically different to that

seen in nat mutants. In nat mutants, the endoderm appears to clump at the midline while

in mil mutants, the endoderm appears to exhibit integrity defects. In mil: nat

transheterozygous, we observe defects in myocardial migration and endodermal

morphogenesis similar that those seen in mil mutants (Figures A2.2B, D, E). Therefore,

we hypothesized that the myocardial migration in mil;nat transheterozygous are a result

of defects in endoderm integrity. Further studies correlating the myocardial migration

defects with the endoderm phenotype in milynat transheterozygous would be most

informative.

The similar endoderm integrity defects in mil and mil:nat transheterozygous

indicate that mil is epistatic to nat in the endoderm. S1P signaling has been implicated in

the assembly of Fibronectin in cell culture (Zhang et al., 1999). However, several lines

of evidence suggest that Mil signaling is not involved in Fibronectin assembly. First, the
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endoderm morphogenesis defect in the absence of Fibronectin is drastically different

from that seen in mil mutants (Figure A2.2B, C). Second, mil mutants do not exhibit

myocardial epithelial organization defects as seen in nat mutants (Nick Osborne, personal

communication). Finally, Fibronectin deposition around the myocardial precursors

appears to be unaffected in mil mutants (Nick Osborne, personal communication). It is

possible that Mil is required for the assembly of Fibronectin at the basal surface of the

endoderm. The deposition of Fibronectin around the endoderm in mil mutants needs to

be examined. However, it is important to note that mutants lacking Fibronectin

deposition at the basal surface of the endoderm (cloche mutants) do not exhibit endoderm

integrity defects (data not shown). Therefore, we hypothesize that the interaction

between mil and fibronectin occurs downstream of Fibronectin assembly.
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Figure A2.1 Genetic interaction between mil and nat.

Wildtype (A), nat mutant (B), mil mutant (C), and transheterozygous mil";nat” (D, E,

F) embryos at 32 hpf; lateral views, anterior to the left. While nat mutants display

pericardial edema (arrowhead) and flattened hindbrains (white arrow) (B), mil mutants

display pericardial edema (arrowhead) and tail blisters (arrow) (C). (D, E, F)

Transheterozygous mil";nat” mutants exhibit either pericardial edema (arrowhead), tail

blisters (arrow), a flattened hindbrain (white arrow), or a combination of these. (G-J)

Myocardial migration defects in transheterozygotes. cmlc2 expression at 32 hpf wild

type (G), and transheterozygous mil";nat” embryos (H-J); dorsal views, anterior to the

top. The phenotypes range from delayed fusion (H, I) to full cardia bifida (J). All

transheterozygous embryos were confirmed by PCR genotyping.
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Figure A2.2. Endoderm morphogenesis defects in mil, nat and mil;nat tº-º-
— — —

transheterozygotes mutants. 12-, -

foxA2 expression in endoderm of wildtype (A), mil mutant (B), nat mutant (C), and

transheterozygous mil"ºnat" (D, E) embryos at 26 hpf, dorsal view, anterior to the top.

(A) In wildtype embryos, the anterior endoderm forms a sheet that spreads across the

midline with characteristic protrusions along the edge. (B) In mil mutants, the anterior

endoderm is wider and the endodermal sheet appears to lack tissue in some areas (arrow).

(C) In nat mutants, the endodermal sheet fails to extend across the midline. (D, E) In

mil";nat" transheterozygous embryos, the endodermal sheet appears patchy, missing

tissue in some area (arrow).
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APPENDIX 3: bonnie and clyde functions with other components of the

Nodal signaling pathway to regulate neural patterning in zebrafish.

When I first joined the Stainier Lab, I made observations that the zebrafish bonnie

and clyde (bon) mutant, encoding a mix family member, exhibit defects in anteroposterior

(AP) patterning of the neuroectoderm. From these initial observations, it was my intent

to study the early patterning of the neural tube. However, as is so often the case, from

my analyses of the nat locus, I became interested in the study of heart tube

morphogenesis. In this appendix, I present the work that I performed to address the role

of bon in neural patterning.

INTRODUCTION

Establishment of cell fates along the anteroposterior (AP) axis of the neural plate

is modulated by multiple signaling pathways including the Wnt, Bmp and Nodal

pathways (Thisse et al., 2000; Erter et al., 2001; reviewed in Yamaguchi 2001; Kudoh et

al., 2002). The Nodal signaling pathway has been most extensively studied for its role in

the formation and patterning of the mesoderm and endoderm (reviewed in Schier and

Shen, 1999). Studies in amphibians, mice and zebrafish all point to Nodal ligands as

potent inducers of mesodermal and endodermal cell fates (Conlon et al., 1994; Feldman

et al., 1998; Sampath et al., 1998; Osada and Wright, 1999). In patterning the

neuroectoderm, Nodal signaling has been suggested to specify anterior fates as mouse

chimeras with Nodal mutant cells in the visceral endoderm lack anterior fates (Brennan et

al., 2001). In addition, analyses of a hypomorphic Nodal allele reveal that reduced levels
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of Nodal function result in anterior patterning defects in mouse (Lowe et al., 2001).

However, it has been unclear how a reduction in Nodal signaling leads to neural

patterning defects.

Nodals belong to the TGF■ superfamily of ligands that bind to and activate

heteromeric type I and type II Activin-like receptors (reviewed in Whitman, 2001). The

founding member of this TGF■ subgroup, mouse Nodal, was identified from studying a

retroviral insertion that affects node formation (Zhou et al., 1993). In zebrafish, two

Nodal-related genes, cyclops (cyc) and squint (sqt) are required for the induction of the

axial and trunk mesoderm, as well as the endoderm (Feldman et al., 1998; Sampath et al.,

1998). Nodal signaling also appears to be important for neural patterning as embryos

mutant for both cyc and sqt appear to have expanded anterior neural fates and loss of

trunk spinal cord (Feldman et al., 2000). Additionally, in maternal-zygotic one-eye

pinhead (MZoep) mutant embryos, which lack an EGF-CFC cofactor essential for Nodal

signaling, anterior fates appear expanded (Gritsman et al., 1999). On the other hand,

compound mutant analyses of embryos lacking sqt and bozozok (boz), a homeobox gene

required for axis formation, indicate that sqt acts in parallel with boz to specify anterior

neuroectoderm while cyc represses anterior neural development (Sirotkin et al., 2000).

These data suggest that Nodal signaling can play both positive and negative roles in

neuroectoderm patterning, and that the correct balance needs to be achieved for this

process to occur correctly.

Loss and gain-of-function analyses indicate that Nodal signaling is transduced by

Smad3 and in some extent Smad3. These receptor-activated Smads are phosphorylated

by ligand binding to the receptor complex (Waldrip et al., 1998; Tremblay et al., 2000;
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Brennan et al., 2001). Mouse Smad3 mutants, like Nodal mutants, exhibit defects in the

formation of the primitive streak, mesoderm and endoderm (Waldrip et al., 1998;

Weinstein, et al., 1998). Interestingly, Nodal:Smad3 transheterozygous embryos exhibit

anterior neural truncations, further suggesting that precise levels of Nodal signaling are

required for neuroectoderm patterning (Nomura and Li, 1998). Upon activation, the

receptor activated Smads form a complex with Smad4 and translocate to the nucleus.

Here, the Smad complex is recruited to Nodal target genes by its interaction with other

DNA-binding proteins to regulate gene expression (Derynck et al., 1998; Whitman 1998).

The first DNA-binding cofactor identified to interact with the Smad complex is

the winged helix transcription factor, Fast 1 (FoxH1). Smad3 and Smad4 were shown to

form a complex with Fast1 and bind to an activin-responsive element in the Xenopus

Mix.2 promoter (Chen et al., 1996; Chen et al., 1997). Cloning and mutational analysis

of the schmalspur (sur) locus in zebrafish demonstrated that sur encodes FoxH1 and is

required for the maintenance of Nodal signaling (Pogoda et al., 2000; Sirotkin et al.,

2000). Consistent with this model, embryos lacking both maternal and zygotic sur

(MZsur) show defects in axial mesoderm, though they do not exhibit defects in endoderm

and trunk mesoderm formation as seen in embryos lacking the Nodal ligands Cyc and Sqt

(Feldman et al., 1998). These data have led to the proposal that multiple transcription

factors can mediate Nodal signaling in various developmental processes (Pogoda et al.,

2000; Stemple, 2000).

Biochemical studies have shown that members of the Mix family of

homeodomain proteins also function as transcriptional mediators of Nodal signaling

(Germain et al., 2000), for example by interacting with a Smad2/Smad4 complex upon
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TGF■ signaling and binding the goosecoid (gsc) promoter. Mapping of the protein

protein interaction domain identified a common Smad interaction motif within a

subgroup of the Mix family members as well as the winged helix transcription factors

such as Fastl/FoxH1(Germain et al. 2000).

In zebrafish, the Mix gene bonnie and clyde (bon) functions downstream of Nodal

signaling to regulate endoderm formation (Kikuchi et al., 2000). bon expression requires

Nodal signaling as it is absent in cycºsqtº embryos (Alexander and Stainier, 1999).

Additionally, misexpression of a constitutively active form of the type I TGF■ receptor,

TARAM-A, promotes ectopic bon expression (Alexander and Stainier, 1999).

Furthermore, bon overexpression in cycºsqtº embryos can induce endodermal gene

expression (Kikuchi et al., 2000). Finally, bon” embryos exhibit a severe reduction in the

number of endodermal precursors indicating that bon plays a critical role in endoderm

formation. Here, we show that, in addition to its previously described role in endoderm

formation, Bon also regulates the anteroposterior patterning of the neuroectoderm. bon

mutant embryos exhibit an anterior reduction of the neural plate. Targeted injection of

antisense morpholino oligonucleotides, we demonstrate that Bon is required in the axial

mesoderm for anterior neural development. Consistent with these results, bon mutant

embryos show defects in axial mesoderm gene expression starting at mid-gastrulation

stages. In addition, genetic analyses demonstrate a functional interaction during neural

patterning between bon and two components of the Nodal signaling pathway, the Nodal

related gene squint (sqt) and the forkhead gene schmalspur (sur), bon”; sqt and bon”

;surº embryos exhibit neural patterning defects that are much more severe than those

seen in the single mutants, suggesting that these genes function in parallel in this process.

f
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We also show that the severity of the neural patterning defects in the single and double
---

mutant embryos correlates with the degree of reduction in expression of the Wnt

antagonist gene dickkopfl. Furthermore, bon";sqt and bonº surº embryos exhibit

identical morphological and gene expression defects, suggesting in part that bon, sqt and

sur play overlapping roles in neural patterning. Taken together, these results provide

evidence for a complex genetic network in which bon functions both downstream of, and

possibly in parallel to, Nodal signaling to regulate neural patterning via the modulation of

mesendodermal gene expression.
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Results

bon mutants exhibit a reduction in the anterior neuroectoderm

bon was initially identified as a mutation that causes cardia bifida, a condition in

which the precardiac mesoderm fails to migrate to the midline and fuse (Stainier et al.,

1996). At 28 hour post-fertilization (hpf), the cardia bifida phenotype is accompanied by

pericardial edema (Figure A3.1B, arrowhead). Previous characterization of bon"

embryos has shown that the primary phenotype is a severe reduction in the number of

endodermal precursors, and the likely cause of cardia bifida (Kikuchi et al., 2000).

Closer inspection reveals that bonº embryos also exhibit reduced forebrain structures,

with a reduction in eye size being most prominent (Figures A3.1A, B, arrows). In order

to assess whether this reduction reflects defects in neural patterning, we examined the

expression of region-specific markers in the neural plate of early somite stage embryos.

In bon” embryos, the otk2 expression domain in the presumptive forebrain and midbrain

regions (Mori et al., 1994) is approximately 10% smaller when compared to wildtype

(Figures A3.1C, D), suggesting that the anterior neural plate is reduced. Consistent with

this result, double staining with emx1, a marker of the anterior boundary of the neural

plate, and her 5, a marker of the midbrain-hindbrain boundary (MHB), shows a

reproducible and consistent reduction in the distance between the anterior edge of emx1

expression and the posterior tip of her 5 expression in bon” embryos (Figures A3.1E, F).

These results suggest that bon functions not only in endoderm formation but also in

neural patterning.
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bon is required in the axial mesoderm for anterior neural development

bon is expressed in all mesendodermal progenitors prior to the onset of

gastrulation (Alexander et al., 1999). The axial mesoderm is thought to promote

neuroectodermal fates (reviewed by Harland and Gerhart, 1997), and the nonaxial

mesoderm has been implicated in patterning the neuroectoderm (Woo and Fraser, 1997).

To determine the mesendodermal derivative in which Bon function is required for neural

patterning, we reduced bon function in a tissue specific manner by using morpholino

antisense oligonucleotides (MO). Restriction of the bon MO was achieved by injecting it

into a single cell at the 32-cell stage. The MO was conjugated to fluorescein to track its

localization. In control experiments, bon MO injections at the one-cell stage phenocopy

the bon mutation very specifically in more than 95% of the embryos (n >1000) (data not

shown).

To assess the anterior neural plate during the stages of neural patterning, MO

injected embryos were fixed and examined for oty2 expression. Following in situ

hybridization, we also performed anti-fluorescein antibody staining to determine the

localization of the bon MO. Embryos with axial mesoderm restriction of the bon MO (n=

25) showed a reduction in the otk2 expression domain (Figures A3.2A), while embryos

with bon MO restriction in nonaxial mesoderm (n=13) exhibited wildtype oty2

expression (Figures A3.2B, C).

In addition to in situ hybridization with otz2, individual MO injected embryos

were followed for morphological observations. At the effective MO concentration, the

fluorescein-tag proved to be an ineffective lineage tracer in live embryos. Thus, as an
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additional lineage tracer, 10 KDa rhodamine-dextran was co-injected with the bon MO.

Following antibody staining for fluorescein, we observed that the 10 KDa rhodamine

dextran co-localized with the bon MO in the co-injected embryos (data not shown),

providing a reliable method to determine the localization of cells with reduced Bon

function. Examples of tissue restriction are shown in Figures A3.2D-F. As expected,

embryos with bon MO restriction in the neuroectoderm (n=2) (Figures A3.2F, F'), where

bon is not expressed, were normal (Figure A3.2F"). Consistent with the otk2 expression

data mentioned earlier, embryos with bon MO restriction in the ventral mesoderm (n=5)

(Figures A3.2E, E') were also normal (Figure A3.2E”). However, all embryos with bon

MO restriction in the axial mesoderm (n=27) (Figure A3.2D), derivatives of which

populate the notochord (white arrowhead) and head mesenchyme (white arrow) (Figure

A3.2D’), exhibited reduced forebrain structures, with a reduction in eye size being most

prominent (Figure A3.2D”, arrow), similar to the neural defects seen in bonº embryos.

In addition, we excluded the endoderm as a tissue in which bon functions to modulate

neural patterning because in embryos lacking all endoderm such as casanova mutants,

neural patterning is unaffected (data not shown). Together, these results indicate that

Bon function is required in the axial mesoderm for neural patterning.

bon mutant embryos exhibit defects in axial mesodermal gene expression

To further analyze the requirement of the axial mesoderm during neural

patterning, we examined the expression of the anterior axial mesoderm marker gsc

(Stachel et al., 1993) at several stages during gastrulation. At shield stage, wildtype and

bon” embryos show indistinguishable gsc expression (Figure A3.3A). At 90% epiboly,
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the gsc expression domain is reduced in bon” embryos (Figure A3.3C), indicating a

differentiation defect in the anterior axial mesoderm. The same progressive reduction in

anterior axial mesoderm gene expression was also observed with bmp4. During

gastrulation stages, bmp4 is expressed ventrolaterally as well as in a discrete domain of

the anterior axial mesoderm (Hwang et al., 1997; Martinez-Barbera et al., 1997). This

expression pattern allowed us to assess dorsoventral patterning as well as axial mesoderm

formation. At 50% epiboly, wildtype and bon” embryos show indistinguishable bmp4

expression ventrolaterally (Figures A3.3D, G), indicating that dorsoventral patterning is

not affected in bonº embryos. Dorsal bmp4 expression also appears unaffected at this

stage (Figures A3.3D, G, arrowhead). At 90% epiboly, wildtype and bon” embryos

show a wildtype pattern of ventrolateral brmp4 expression (Figures A3.3H, I), but the

anterior axial mesoderm bmp4 expression domain is dramatically reduced in bon”

embryos (Figures A3.3E, F, H, I; arrows). These data indicate that although the early

induction of axial mesoderm occurs properly in bon” embryos, its subsequent

differentiation is defective.

bon and sqt function in parallel to regulate neural patterning

In order to better understand the role of bon in neural patterning, we crossed

bon" fish with fish heterozygous at other loci regulating axial mesoderm formation and

found a functional interaction between bon and the Nodal-related gene sqt. While bon"

and sqt” embryos appear wildtype, approximately 20% of bon";sqt" embryos exhibit a

cyclopic phenotype similar to sqtº embryos (Figure A3.4C, arrow). In addition, while

bon" embryos exhibit a slight reduction in forebrain structures (Figure A3.2B, arrow),
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bon’sqtº embryos exhibit a complete absence of forebrain, lacking telencephalic and

diencephalic structures as well as their eyes (arrow) (Figure A3.4D). Interestingly, this

interaction was not found with the Nodal-related gene, cyc, further indicating that sqt and

cyc play distinct roles in neural patterning. In addition, MZsqtº embryos do not exhibit

as severe a defect as that seen in bon";sqtº embryos (data not shown). Together, these

data suggest that Bon and Sqt function in parallel to regulate neural patterning.

To assess the neural defects resulting from the loss of bon and sqt function, we

analyzed the expression of region-specific markers in the neural plate of wildtype, bon",

sqt and bon’sqtº embryos. At 1-somite, emx1 marks the anterior boundary of the

neural plate while krox20 marks rhombomeres 3 and 5 of the hindbrain (r3 and rS)

(Figures A3.4E, I) (Oxtoby and Jowett, 1993). In bon" embryos, the distance between

the anterior neural ridge (emx1) and the rs/ré boundary, as well as the distance between

r3 and r3 are reduced (Figures A3.4F, J; brackets). In addition, the lateral borders of the

neural plate (emx1) appear to be shifted medially (Figure A3.4J; asterisks), further

indicating a reduction in the neural plate. In sqt and bon";sqtº embryos, the reduction

in the distance between the anterior edge of the neural plate and the rs/ré boundary

appears to be more dramatic (Figures A3.4G, H). Additionally, r3 and rS, as marked by

krox20 staining, appear to be closer together in bon";sqtº embryos (Figures A34H, L).

This apparent merging of r3 and r3 and the reduced distance between the anterior neural

ridge and the ry/ró boundary indicate a reduction of neural tissue along the AP axis.

Anteriorly, the emx1 expression domain spreads medially to cover the entire

anterior ventral neural plate in sqt and bon’sqtº embryos (Figures A34K, L). This

expansion appears to be restricted to emx1 expression as oty2 expression is reduced in
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sqt and bon":sqtº embryos (Fi gures A3.4O, P). Consistent with this result and the

morphological absence of eyes in bon’sqtº embryos, the expression of opl and rxb,

markers of the eye field, is dramatically reduced or absent in bon’sqtº embryos (data

not shown). Together, these data indicate that loss of bon and sqt function leads to

Synergistic defects in neural patterning.

bon and sqt function in parallel to regulate mesendodermal gene expression

AP patterning of the neuroectoderm is regulated by posteriorizing signals and

their antagonists (reviewed by Yamaguchi, 2001). Recent evidence points to the Wnt

signaling pathway as a key regulator of AP patterning with Wnt3 as a posteriorizing

signal and the Wnt antagonist, Dkk1 as promoting anterior neural fates (Glinka et al.,

1998; Erter et al., 2001). The neural patterning defects in bon”, sqt” and bon’sqt”

embryos were reminiscent of defects caused by an excess of Wnt signaling (Kim et al.,

2000; Erter et al., 2001). Therefore, we examined the expression of dkk1 in bon", sqt”

and bon’sqtº embryos and found that defects in dkk1 expression correlated with the

severity of the neural patterning defects observed in these mutant embryos. At 50%

epiboly, dkk1 expression is observed in all marginal blastomeres (Figure A3.5A)

(Hashimoto et al., 2000; Shinya et al., 2000). In bon” embryos, there is a dorsal gap in

dkk1 expression (Figure A3.5B). This dorsal gap appears more extensive in sqt and

bon":sqt" embryos (Figure A3.5C). In bon’sqtº embryos, dkk1 expression is seen

only in the ventral half of the margin (Figure A3.5D). At 70% epiboly, dkk1 is expressed

in cells of the prechordal plate (PCP) (Figure A3.5E) (Hashimoto et al., 2000; Shinya et

al., 2000). Consistent with bonº embryos exhibiting defects in anterior axial mesoderm

-
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gene expression, the dkk1 expressing cells appear to coalesce aberrantly in these mutants

(Figure A3.5F). In sqt and bon":sqt" embryos, dkk1 expression in the PCP is

dramatically reduced (Figure A3.5G), reflecting a defect in anterior axial mesoderm

formation. This reduction is enhanced in bon’sqtº embryos, where dkk1 expression

appears to be completely absent in the PCP region (Figure A3.5H). These data suggest

that the defects in dkk1 expression may be responsible, at least in part, for the neural

patterning defects. In order to test this hypothesis, we overexpressed dkk1 in bon”

embryos and observed an enlargement of the forebrain and eyes, suppressing the anterior

neural deficiency (data not shown). However, the cardia bifida phenotype was not

rescued, suggesting that dkk1 functions in neural patterning but not endoderm

development.

In addition to defects in dkk1 expression, we found that bon’sqtº embryos have

defects in dorsal mesendoderm gene expression. In wildtype and bonº embryos at 50%

epiboly, ntl is expressed around the margin of the embryo (Figures A3.5I, J). In sqt’ or
abon";sqt" embryos, ntl expression appears reduced (Figure A3.5K), and in bon":sqtº

embryos, it is absent from the dorsal half of the margin (Figure A3.5L), suggesting that

the formation of dorsal mesoderm is defective in bon’sqtº embryos. This reduction in

dorsal mesendoderm gene expression in bon’sqtº embryos was also observed with other

markers such as wnt& (data not shown). Thus, in bon";sqtº embryos, the lack of dkk1

expression from dorsal mesendoderm may reflect an overall deficit in dorsal

mesendoderm gene expression, suggesting that bon and sqt function in parallel to

regulate dorsal mesendoderm formation as well as neural patterning.
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bon interacts with sur to regulate neural patterning and mesendodermal gene

expression

The genetic interaction between bon and sqt suggested that these two genes

function in parallel to regulate neural patterning. However, molecular epistasis analyses

have indicated that bon expression is dependent on Nodal signaling, placing bon

downstream of sqt (Alexander et al., 1999). Thus, additional signal(s) must function

upstream of bon, and additional Nodal transcriptional mediator(s) must function

downstream of sqt. The foxh1 gene, sur, was a good candidate to be an additional Nodal

transcriptional mediator in neural patterning due to its role in axis formation (Pogoda et

al., 2000; Sirotkin et al., 2000). Therefore, we asked whether bon";sur” embryos exhibit

neural patterning defects. While bon” embryos exhibit a slight reduction in anterior

neural structures (Figures A3.1B and A3.4B, arrow) and sur” embryos exhibit mild

cyclopia (Pogoda et al., 2000, Sirotkin et al., 2000), bon” surº embryos exhibit a

dramatic reduction of forebrain structures, with the most severally affected embryos

exhibiting an absence of telencephalic and diencephalic structures, as well as their eyes

(Figure A3.6B, arrow). Interestingly, bon";sur” embryos also exhibited anterior

truncations at a low percentage (1.8%, n=340) when they originated from bon *;sur”

females but not from bon":sur” males, indicating that a reduction in maternal Sur can

enhance the bon neural phenotype.

The loss of anterior structures in bon";surº embryos was reminiscent of the bon

sqt” phenotype (Figure A34D); thus, we used the same region-specific neural markers

that were employed in the bon’sqt analyses to assess neural patterning in bon":sur”

embryos. At tailbud stage, bonº surº embryos exhibit a dramatic reduction in the

-/-

* * *
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distance between the anterior edge of emx1 expression and the rS/ró boundary (Figure

A3.6F; bracket). In addition, the rhombomeres r3 and rS appear closer together (Figure

A3.6J). The similarity in neural patterning defects between bon”;sur’ and bon’sqt”

embryos indicates that Sur may be the additional Nodal transcriptional mediator

functioning downstream of Sqt and in parallel to Bon in neural patterning (Figure A3.7).

To further analyze the similarity in neural patterning defects between bon":surf

and bon’sqtº embryos, we examined dkk1 expression in bonº surº embryos. We

found that at 50% and 70% epiboly bonº surº embryos exhibit a loss of dkki expression

(Figures A3.6C, D, G, H) similar to that seen in bon’sqtº embryos (Figure A3.5C).

Further, we found that expression of ntl is also absent from the dorsal side of bon":sur”

embryos (Figure 6K, L), suggesting that the formation of dorsal mesendoderm is

defective in bon";sur” embryos. Altogether, these data indicate that Bon and Sur

function in parallel to regulate dorsal mesendoderm gene expression and neural

patterning.

195



*

--

- º

- º

r
*

- i

*

i
** - -

* - -

1.

------ -

* = º

-

-
-

-

* * *
*.

* - - - -

-- - - - -



Discussion

In this study, we show that the Mix homeodomain gene bon is required in the

axial mesoderm to regulate neural patterning. Our results indicate that the severity of the

neural patterning defects in bonº embryos correlates with the degree of reduction in dkk1

expression in the dorsal mesendoderm and, subsequently, the anterior axial mesoderm.

Genetic interactions between bon and the components of the Nodal signaling pathway,

sqt and sur, reveal a complex network that mediates Nodal signaling in neural patterning.

First, the genetic interaction between bon and sqt suggests that the relationship between

bon and sqt is not strictly linear as previously suggested by molecular epistasis studies

(Alexander et al., 1999; Kikuchi et al., 2000). Second, the bon;sur interaction

demonstrates that these two transcriptional factor genes play overlapping functions in

neural patterning. Finally, expression studies indicate that Bon, Sqt and Sur function to

regulate dorsal mesendoderm genes such as ntl and dkk1, the latter playing an important

role in neural patterning (Glinka et al., 1998; Hashimoto et al., 2000; Mukhopadhyay et

al., 2001; Shinya et al., 2000).

A role for bon in neural patterning

Genetic and embryological analyses indicate that Mix genes are potent inducers of

mesodermal and endodermal gene expression. Ectopic expression of Mix. 1, Milk, Mixer,

Bix1, mezzo and bon leads to the expression of mesodermal and endodermal genes

(Henry and Melton, 1998; Lemaire et al., 1998; Alexander et al., 1999; Latinkic and

Smith, 1999; Poulain and Lepage; 2002). Additionally, a genetic lesion in the zebrafish

Mix gene bon leads to a reduction in endodermal precursors (Kikuchi et al., 2000). Our
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data point to an essential role for Bon in the axial mesoderm for neural patterning. We

found that a reduction in Bon function in the axial mesoderm by restricted MO injection

is associated with anterior neural defects. In addition, bon” embryos display defects in

axial mesoderm gene expression. Furthermore, based on the expression pattern of bon in

mesendodermal progenitors before involution, we favor a model in which Bon regulates

the transcription of neural patterning genes that are expressed in mesendodermal

precursors. The finding that dkk1 expression is absent from the dorsal side of bon”

embryos is consistent with this model. It is interesting to note that studies in Xenopus

had hinted at a role for Mixer in head formation and dkk1 expression (Henry and Melton,

1998).

Nodal signaling regulates neural patterning through transcriptional regulation of

members of the Wnt signaling pathway.

Recent findings have revealed that the spatial variation in the level of Wnt signal

plays a critical role in the AP patterning of the neuroectoderm (Erter et al., 2001; Kudoh

et al., 2002; reviewed in Yamaguchi, 2001). Extensive evidence from genetic and

overexpression studies points to the importance of Wnt antagonism for anterior neural

patterning. Specifically, Dkk1 mouse mutant embryos lack head structures anterior to the

midbrain while overexpression of dkk1 in amphibians and zebrafish embryos leads to

enlarged heads (Glinka et al., 1998; Hashimoto et al., 2000; Mukhopadhyay et al., 2001;

Shinya et al., 2000). Conversely, ectopic expression of wht8 suppresses anterior fates

while a deficiency in the writ& locus or a reduction of Wnt3 by MO injection in zebrafish

embryos leads to a loss of posterior neural fates (Erter et al., 2001; Lekven et al., 2001).
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Our data indicate that the precise level of Wnt signaling required for neural patterning is

transcriptionally controlled by Nodal signaling as well as Bon and Sur.

Bon and Sqt function in parallel to regulate neural patterning

Overexpression and mutant analyses have indicated that Bon functions

exclusively downstream of Nodal signaling in endoderm formation (Alexander et al.,

1999; Kikuchi et al., 2000). However the synergistic neural patterning defects seen in

bon’sqtº embryos indicate that Bon also functions in parallel to Sqt signaling.

Biochemical analyses indicate that a subset of Mix homeodomain proteins as well as

winged-helix transcription factors physically interact with the Smad2/4 complex through

a conserved motif in their C-terminus (Germain et al., 2000). This Smad interaction

motif is present in Bon and Sur (Pogoda et al., 2000; Randall et al., 2002), raising the

possibility that Bon and/or Sur can interact with the Smad3/4 complex upon Sqt

activation of the Nodal pathway to activate downstream targets. The loss of dkk1

expression in bon’sqt and bon":surº embryos indicates that dkk1 is one of the genes

regulated in this manner. Whether Bon and Sur bind directly to the dkk1 promoter needs

to be investigated.

In addition, we also found defects in wht8 expression at the margin of bon’sqtº

embryos suggesting that the neural patterning defect in these double mutant embryos may

not be solely due to an expansion of Wnt signaling. We do observe a shortening of the

body axis in bon’sqt and bon":surº embryos which may lead to a misplacement of

neural organizing centers such as the anterior neural boundary cells and MHB (Houart et
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al., 1998; reviewed in Liu and Joyner, 2001) which would further affect AP patterning of

the neural plate (see Figures A3.4E-H, A3.6E-F).

Model of genetic network of transcriptional mediators of Nodal signaling

Combining our results with biochemical (Germain et al., 2000) and molecular

epistasis data (Alexander et al., 1999), a model emerges in which the Nodal signal

provided by Sqt is transduced by a complex of Smad3/4 that is recruited to specific target

genes by either Bon or Sur (Figure A3.7). These two transcriptional mediators of Nodal

signaling have unique functions during formation of endoderm and axial mesoderm but

overlapping activities in neural patterning. The genetic interactions between bon;sqt and

bon;sur indicate that Bon functions in parallel to Sqt and Sur to regulate the expression of

mesendodermal genes such as dkkl, which in turn is required for neural patterning.

In endoderm formation, Bon functions downstream of Nodal signaling in an Oep

dependent fashion (Alexander et al., 1999; Kikuchi et al., 2000). bon expression is

unaffected in MZsurº embryos (data not shown) suggesting that an additional Smad

binding transcription factor is involved in regulating bon expression (Figure A3.7, factor

Y). A possible candidate for this activity could be the Mix-like transcription factor,

Mezzo that was shown to function downstream of Nodal signaling. However, bon

expression is most likely not regulated by Mezzo as Mezzo lacks a Smad interaction

motif and mezzo MO injected embryos do not exhibit endoderm defects (Poulain and

Lepage, 2002). Thus, we propose that an additional, as yet unidentified, Smad-binding

transcription factor (Y) is involved in the initiation of bon expression.
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Once bon expression is initiated, our model places Bon and Sur as the two

transcriptional mediators of Sqt signaling in neural patterning. However, it should be re

emphasized that MZsqtº embryos exhibit a less severe neural patterning defect than that

seen in either bon’sqt’ or bon":surº embryos indicating that Sqt is not the sole signal

regulating Bon transcriptional activity. Thus, an additional factor (X) may function

upstream of Bon and in parallel to Sqt in neural patterning. In this model, factor X could

correspond to Cyc as it has been suggested that the ventrolateral mesoderm, which

requires Nodal signaling for its formation, can provide a secondary posteriorizing signal

to the neural plate (Erter et al., 2001; Feldman et al., 2000, Woo and Fraser, 1997). The

neural defect seen in bon’sqt and bon";surº embryos but not in cycºsqtº embryos

may be due to the presence of ventrolateral mesoderm and its posteriorizing effect on the

neural plate. Further studies should reveal how the various Nodal ligands, as well as

other signals, regulate neural patterning, either directly, or through their regulation of

mesendodermal gene expression.

z - 4
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Materials and Methods

Zebrafish strains

Adult fish and embryos were maintained as described (Westerfield, 1994).

Embryos were derived from mating of identified heterozyotes, homozygotes or

m425transheterozygotes. The following mutant alleles were used: bon"''' (Stainier et al.,

1996), sqt” (Feldman et al., 1998), and sur” (Schier et al., 1996). Homozygous sur
7.68/+ .mutant adults were generated from sur” intercrosses.

Microinjection

For restricted morpholino injection experiments, fluorescein-tagged morpholino

oligonucleotides for bon 5’-GAT-TCG-CAT-TGT-GCT-GCT-GTC-CTT-C-3’ were

dissolved in 5m.M HEPES, pH 7.6 and diluted to 2ng/nl.with 5m.M HEPES/10% phenol

red. Rhodamine-dextran (10 KDa, 2.5%) was co-injected in some embryos in order to

enhance the signal for localizing the morpholino. Antibody staining for the fluorescein

tagged morpholino indicated that the 10 KDa rhodamine-dextran colocalizes with the

morpholino (data not shown). Single cells at the 32-cell stage were injected with 1nl of a

2ng/nl bon MO stock. Following injections, embryos were fixed for wholemount in situ

hybridization at tailbud stage or photographed using a Zeiss Axioplan microscope.

Localization of the injected clone was visualized with a rhodamine filter or an anti

fluorescein antibody following in situ hybridization. Briefly, embryos were treated with

100 mM glycine pH 2.2 to inactivate alkaline phosphatase and washed with PBS-T

(phosphate buffer saline + 0.1 % Tween). Anti-fluorescein-alkaline phosphatase

--
-
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conjugated antibody (Boehringer Mannheim; 1:500) was incubated with embryos

overnight at 4°C and detected with Fast Red (Sigma).

In situ hybridization

Wholemount in situ hybridization was performed as described previously

(Alexander et al., 1998), dkk1 anti-sense probe was prepared as in Hashimoto et al.

(2000).

Genotyping

Wholemount in situ hybridized embryos were genotyped by PCR using restriction

m768 Cz 35"“” and sur” and agarose polymorphism for Sqtpolymorphisms for bon mutant

embryos, as described previously (Feldman et al., 1998; Kikuchi et al., 2000; Sirotkin et

al., 2000). Genotyping was performed after in situ hybridization as follows: after

photographing, each embryo was washed with 100% methanol and hydrated with several

washes of PBS with 0.1% Tween-20. Genomic DNA was extracted by digestion

overnight in 10 mM Tris, 1 mM EDTA, 0.1% NP40, 0.1% Tween-20, 50 pig proteinase K

4- -

at 55°C.
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Figure A3.1 bon mutant embryos exhibit anterior neural defects.

(A, B) Lateral views (anterior to the left) of wildtype and bon” embryos at 28 hpf.

Compared to wildtype siblings, bonº embryos show characteristic pericardial edema

(arrowhead), as well as slightly smaller forebrain (brackets) and smaller eyes (arrows).

(C, D) Dorsal views (anterior to the top) of oty2 expression in the presumptive forebrain

and midbrain regions of wildtype and bonº embryos at tailbud. The otk2 expression

domain is smaller in bon” embryos. (E, F) Dorsal views (anterior to the top) of emx1

and hers expression in wildtype and bonº embryos at 1-somite, emx/ expression marks

the anterior edge of the neural plate and her 5 expression marks the midbrain-hindbrain

boundary (MHB). The distance between the anterior edge of emx1 expression and the

posterior tip of her 5 expression (brackets) is reduced by about 10% in bon” embryos as

compared to wildtype siblings. These anterior neural plate phenotypes (shown in D and

F) segregated completely with the bon mutation as assessed by genotyping.
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Figure A3.2 bon is required in the axial mesoderm for neural patterning.

Restricted injections of bon MO into a single cell at the 32-cell stage result in tissue

specific knockdown of Bon function. Restriction of bon MO was determined by antibody

staining for the fluorescein moiety conjugated to the MO (A-C) or localization of co

injected 10 KDa rhodamine-dextran (D-F). (A-C) Lateral views (dorsal to the right) of

otx2 expression in bon MO injected embryos at tailbud stage. Shown are embryos with

restriction to the axial mesoderm (n=25)(A), lateral mesoderm (n=3)(B), and ventral

mesoderm (n=10) (C). Arrowheads point to the localization of bon MO, while arrows

mark the area of otz2 expression. Only embryos with bon MO in the axial mesoderm

showed a reduction of the otk2 expression domain (A). (D-F") Lateral views of bon MO

injected embryos at 80% epiboly (D-F) and 28hpf (D’-F"). The same embryos were

followed and examined at 80% epiboly (D-F), 28 hpf for bon MO restriction (D’-F") and

morphological defects in head formation (D”-F’”). (D, D’and D’’) Embryos with bon

MO in axial mesoderm, derivatives of which populate the notochord (white arrowhead)

and head mesenchyme (white arrow), exhibited anterior defects, with a reduction in eye

size (black arrow) being most prominent (n=27). Embryos with bon MO in non-axial

tissues such as ventral mesoderm (n=5) (E), and neural ectoderm (n=2) (F) exhibited no

defects in neural development (E”, F.”). Head size was determined on individual

embryos by measuring the distance from the MHB to the tip of the telencephalon at 28

hpf. This distance was 272 + 8pum in embryos with axial mesoderm restriction of the bon

MO (n=27), and 300 + 12pum in wildtype embryos or those with neuroectoderm or

ventral mesoderm morpholino restriction (n=7).
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Figure A3.3 bon mutant embryos exhibit defects in anterior axial mesoderm gene

expression.

Whole-mount in situ hybridization analyses at shield (A), 50% (D, G) and 90% (B, C, E,

F, H, I) epiboly. A-C, dorsal views (anterior to the top), D-F, animal pole views (D,

dorsal to the right; E, F, anterior to the top), G-I lateral views (dorsal to the right). (A) At

shield stage, wildtype and bonº embryos show indistinguishable gsc expression. (B, C)

At 90% epiboly, the gsc expression domain is reduced in bonº embryos as compared to

wildtype. (D, G) At 50% epiboly, wildtype and bonº embryos show indistinguishable

bmp4 expression. Arrowheads point to the dorsal brmp4 expression domain. (H, I) At

90% epiboly, wildtype and bon” embryos show a wildtype pattern of ventrolateral bmp4

expression, but the anterior axial mesoderm bmp4 expression domain is dramatically

reduced in bon” embryos (arrows) (E, F). These phenotypes segregated completely with

the bon mutation as assessed by genotyping.
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Figure A3.4 bon interacts with sqt to regulate neural patterning.

Nomarski images at 30 hpf (A-D) and whole-mount in situ hybridization analyses at 1

somite (E-L) and tailbud (M-P). A-H, lateral views, anterior to the left; E-H, dorsal to

the right; I-P, animal pole views, anterior to the top. Compared to wildtype siblings (A),

bon" embryos (B) have severe pericardial edema (arrowhead) and smaller forebrain

structures (arrow); sqt’ and some bon":sqt” embryos (C) are cyclopic; bon";sqt”

embryos (D) have severe pericardial edema (arrowhead) and lack anterior structures

(arrow). (E-L) Whole-mount in situ hybridization analyses with emx1 and krox20 at 1

Somite. At 1-somite, emx1 marks the anterior boundary of the neural plate and krox20

rhombomeres 3 and 5 (r3 and rS). In bon” embryos (F, J), the distance between the

anterior neural ridge (emx1) and the rS/ró boundary is reduced (brackets); the distance

between r3 and r3 is also reduced. The lateral borders of the emx1 expression domain

(asterisks) are also shifted medially in bon" embryos (J). In sqtº OT bon";sqt” (G) and

bon";sqt (H) embryos, the reduction in the distance between the anterior edge of emx/

expression and the rs/ré boundary (brackets) is more pronounced. In addition, instead of

outlining the neural plate, emx1 expression spreads medially throughout the entire area of

/-the anterior, ventral neural plate in sqt’ or bon";sqt" (K) and bon’sqt” (L) embryos.

This expansion does not appear to be an expansion of anterior neural fates as oty2

/-expression domains are reduced in sqt’ or bon":sqt" (O) and bon’sqt” (P) embryos

when compared to either wildtype (M) or bon” embryos (N). These neural patterning

defects segregated completely with the respective bon, sqt, and bon;sqt mutations as

assessed by genotyping.
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Figure A3.5 bon and sqt function in parallel to regulate mesendodermal gene

expression.

Whole-mount in situ hybridization analyses of dkk1 (A-H) and ntl (I-L) expression. A

D and I-L, animal pole views (dorsal to the right); E-H, dorsal views (anterior to the top).

At 50% epiboly, dkk1 expression is seen in all marginal blastomeres in wildtype embryos

(A). In bonº embryos, dºki expression exhibits a slight dorsal gap (B). In sqt’ or bon"

sqt" embryos, this dorsal gap appears more extensive (C). In bonº sqtº embryos, dkkl

expression is seen only in the ventral half of the margin (D). At 70% epiboly, dkk1 is

expressed in cells of the PCP in wildtype embryos (E). In bonº embryos, the dkki

expressing cells appear to coalesce aberrantly (F). In sqt’ or bon":sqt” embryos, dkki

expression in the PCP is dramatically reduced (G). In bon’sqtº embryos, dkkl

expression appears to be completely absent (H). At 50% epiboly in wildtype and bon”

embryos, ntl is expressed around the margin of the embryo (I,J). In sqtº embryos, nil

expression appears reduced around the entire margin (K). In bon’sqtº embryos, nil

expression appears reduced around the margin and is absent from the dorsal side (L).

The dkk1 and ntl expression defects segregated completely with the respective bon, sqt,

and bon;sqt mutations as assessed by genotyping.
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Figure A3.6 bon interacts with sur to regulate mesendodermal gene expression and

neural patterning.

Nomarski images at 28 hpf (A-B) and whole-mount in situ hybridization analyses at 50%

(C-D; K-L) and 70% epiboly (G-H), and tailbud (E-F; I-J). A-B and E-F, lateral views

(A-B, anterior to the left; E-F, dorsal to the right); C-D and I-L animal pole views (C-D

and K-L, dorsal to the right; I-J, anterior to the top); G-H, dorsal views (anterior to the

top). Compared to wildtype siblings (A), bonºsurº embryos (B) have severe pericardial

edema (arrowhead) and lack anterior structures (arrow). (E-F; I-J) Whole-mount in situ

hybridization analyses with emx1 and krox20 at tailbud. At tailbud, the distance between

the anterior neural ridge (emx1) and the rs/ré boundary (brackets) is dramatically reduced

in bon”;sur” embryos (F), similar to what is observed in bon’sqtº embryos (Figure

4h). In addition, emx1 expression is also expanded medially in bon":sur” embryos (J).

At 50% epiboly, dkk1 expression is seen in all marginal blastomeres in wildtype embryos

(C), whereas in bonº surº embryos, it exhibits a dorsal gap (D). At 70% epiboly, dkk!

is clearly expressed in cells of the PCP of wildtype embryos (G), whereas in bon";sur”

embryos, it is dramatically reduced (H). At 50% epiboly, ntl is expressed around the

margin of the embryo (K), whereas in bon":surº embryos, it is absent from the dorsal

side (L). These neural patterning and mesendodermal gene expression defects segregated

completely with the bon;sur mutations as assessed by genotyping.
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Figure A3.7 A model for the genetic network of Nodal signaling.

Combining our results with biochemical (Germain et al., 2000) and molecular epistasis

data (Alexander et al., 1999), a model emerges in which Nodal signal provided by Sqt is

transduced by a complex of Smad3/4. In endoderm formation, Bon functions

downstream of Nodal signaling. The identity of the transcriptional mediator (Y) of Nodal

signaling regulating bon expression is not known. The genetic interactions between

bon;sqt and bon;sur indicate that Bon also functions in parallel to Sqt and Sur to regulate

mesendodermal target genes such as dkk1 and ntl: These genes in turn regulate neural

patterning. The more than additive defects seen in bon’sqt and bon";sur” embryos

that are not seen in MZsqtº embryos suggest that an additional, as yet unidentified, factor

(X) may be involved in this network, at least in regulating Bon function. Whether factor

X is acting regulating Bon function through Smad activation remains to be determined.

215



*

**

. ."

\,.

-

- - -



Figure A3.7
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