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Molecular Events Surrounding Emlfr\S(S)tr:ﬁ:CLatterning During Late Gastrulation
in Danio rerio
By Robert Michael Esterberg

Cell signaling events are essential throughout development, playing inductive
roles in axis establishment, embryonic patterning, and tissue specification. How a
relatively small number of distinct signaling pathways are integrated to reliably pattern an
embryo is still largely unknown. As perturbation of even a single signaling pathway
often disrupts many aspect of embryogenesis, it can be difficult to examine signaling
requirements in a particular spatial-temporal context. Further complicating this matter is
mounting evidence that suggests that signaling activity gradients vary dramatically as
development proceeds.

In this work, we have begun to address the spatial-temporal requirements for
signaling activity during events that occur during late gastrulation and early
somitogenesis in zebrafish. We focus particular attention on two tissues,
chordamesoderm and the pre-placodal region, both of which require local modulation of
BMP activity, particularly Bmp4, for proper development. In these tissues, we
demonstrate the mechanisms through which appropriate levels of BMP activity are
maintained. Chordamesoderm achieves this regulation through the secretion of two
genes structurally related to Follistatin, a classical BMP antagonist. Appropriate levels of
BMP activity are attained in the pre-placodal region through the regulation of a
multifunctional BMP modulator, Crossveinless 2, which is necessary for lowering BMP
activity within the pre-placodal region while likely promoting it in adjacent domains.

Our results demonstrate the different approaches that tissues utilize to regulate signaling

activity levels during development.
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CHAPTER 1

General Introduction



One of the most fundamental questions in developmental biology is how a single-
celled zygote becomes a complex multicellular organism, containing cells that differ in
morphology and gene expression profiles.  Embryonic development results from a
succession of cell-cell inductions in which groups of cells, or signaling centers, signal the
differentiation of their neighbors. In general, the developing embryo is initially divided
into broad regions. Subsequently, cell fate is gradually refined and the primordia for
different tissues begin to emerge. This involves communication within and between
groups of cells as well as changes in gene expression that instruct a cell to adopt
characteristics common to a particular fate.

Classical embryological experiments revealed that embryonic regions possess
equivalent developmental potential, or morphogenetic fields, and these utilize self-
regulatory properties to re-form after experimental perturbations (Huxley and de Beer,
1934; Driesch, 1892; Driesch, 1893; Harrison, 1918; Roux, 1888; Spemann, 1903;
Spemann, 1938). In one early example, Hans Spemann divided Xenopus embryos at the
four-cell stage and monitored the ability of the halves to generate a complete body plan
(Spemann, 1903; in English in Spemann, 1938). One half developed containing only
ventral tissue, while the other developed into a well-proportioned embryo containing both
dorsal and ventral structures. His results demonstrated that the dorsal half was capable of
compensating for the missing ventral half. Inherent to the idea of a regulative process are
interactions between embryonic cells, interactions that specify cell fate.

Further insight into the embryo’s self-regulative capabilities came about from
landmark experiments performed by Hans Spemann and Hilde Mangold in 1924 (De

Robertis, 2006; Spemann and Mangold, 1924; in English in Spemann and Mangold,



1964). Their results demonstrated that the embryonic axes are determined by the
inductive properties of organizing centers. Transplantation of a small fragment of dorsal
mesoderm, termed the Spemann organizer in Xenopus (hereafter referred to as the dorsal
organizer, which encompasses equivalent structures in all vertebrates), into the ventral
mesoderm of a salamander gastrula generated a fully formed twinned embryo complete
with a normal dorsoventral (DV) axis. The transplanted cells altered the cell fate of
neighboring ventral tissue in the host, instructing these cells to instead become dorsal
tissue, or dorsalized. Thus, the embryonic axes are patterned according to inductive
interactions from signaling centers that arise from within the axes themselves. Recent
advances have begun to address the issue of self-regulation, and the communication
between groups of cells that must occur to compensate when signaling is perturbed. How
signals emanating over distant points can confer upon cells when to differentiate,

proliferate, or die is key to understanding how embryos, tissues and organs are patterned.

Cell fate specification during gastrulation

Nowhere is cell signaling more important than during gastrulation, when a
complex series of morphological movements establish the foundation of the body plan
from a seemingly random assortment of cells. Although some aspects are unique to
particular vertebrates, general themes emerge (Beetschen, 2001; Heisenberg and Tada,
2002; Schier and Talbot, 2005; Zernicka-Goetz, 2002). During this time, the three germ
layers — endoderm, mesoderm, and ectoderm — migrate to positions where they will
develop into structures of the adult body. This involves the transformation of a three-

dimensional embryo from a sheet of cells, with the germ layers arranged in their correct



positions in relation to each other. In order for this to occur, ectodermal cells migrate to
cover the outer surface of the embryo while presumptive endo- and mesoderm migrate
beneath the ectoderm at the site of the dorsal organizer. Endo- and mesodermal cells then
follow differing morphogenetic movements, allowing endoderm to form the gut tube
along the anteroposterior (AP) axis and mesoderm to migrate along both axes to give rise
to varying mesodermal derivatives. As a consequence of cell migration, the DV and AP
axes also become evident.

Cell labeling during early embryogenesis with a traceable dye allows the
identification of that cell’s contribution to the embryo later in development. This type of
fate mapping has been performed on a global scale in several vertebrate species, and has
revealed that by early gastrulation cell fate has largely been assigned (Kimmel et al.,
1990; Kozlowski et al., 1997; Warga and Nusslein-Volhard, 1999). However, genes that
define presumptive territories within the embryo do not possess discreet borders; rather,
expression boundaries share extensive overlap between adjacent markers (Wardle and
Smith, 2004). These observations have led to the conclusion that although general tissue
domains are apparent, the cells within them are still plastic- they can contribute to other
tissues in the correct inductive environment (Kimelman, 2006; Schier and Talbot, 2005).
Thus, segregation of cells in the establishment of the vertebrate triploblastic lineage and
their later fate refinement as well as patterning the embryonic axes requires multiple
signaling centers to regulate fate assignment.

Gastrulation occurs over a period of several hours during which cells are subject
to complex movements as the germ layers and axes are established. One would therefore

expect cells to be exposed to widely varying concentrations of signaling ligands and their



antagonists during this process. However, widely accepted models of axis and tissue
patterning posit that signaling activity levels remain static during gastrulation (De
Robertis, 2006; De Robertis and Kuroda, 2004; De Robertis et al., 1991; Kimelman,
2006; Niehrs et al., 1994; Schier and Talbot, 2005; Smith, 1997; Wessely and De
Robertis, 2002). These models assume that cumulative signaling activity, rather than its
timing or duration, establishes cell identity. Recent evidence from studies examining
BMP, FGF, and Nodal signaling have begun to amend these models (Ben-Zvi et al.,
2008; Hagos and Dougan, 2007; Kicheva and Gonzalez-Gaitan, 2008; Kornberg and
Guha, 2007; Plouhinec and De Robertis, 2007; Reversade and De Robertis, 2005; Sander
et al., 2007; Tucker et al., 2008), revealing a more dynamic requirement for signaling
activity during gastrulation that accounts for the migration of cells towards or away from

signaling centers.

Signaling affecting embryonic patterning during gastrulation

Signaling gradients are important throughout gastrulation, acting together as a
positioning system in the early embryo. These signaling gradients provide coordinates
for the body plan that determine where subsequent self-regulating organ morphogenetic
fields for parts such as sensory organs, neural tissue, structural elements, and limbs are
placed at later stages of development. Signaling from BMP, FGF, Nodal, and WNT
family members generate positional information that leads to the restricted expression of
transcription factors that, in a combinatorial fashion, control cell type specification.
Furthermore, increasing evidence suggests that signaling systems are integrated on

several levels (Eivers et al., 2008; Fuentealba et al., 2007; Knockaert et al., 2006; Pera et



al., 2003; Sapkota et al., 2007; Sapkota et al., 2006; Seoane et al., 2004). Through this
integration, complex positive and negative feedback mechanisms have evolved than can
buffer both minor and major signaling perturbations. These mechanisms facilitate the
reproducible formation of the embryonic body plan even in the presence of intrinsic and
extrinsic differences.

In this introduction, | will illustrate the roles of the four major families of
signaling molecules: FGFs, Nodal, WNTs, and focus particular attention on BMPs. The
best-studied integration of cell communication and fate specification involve the all-or-
none requirement of BMP signaling in the inhibition of dorsal mesoderm and neural
ectoderm (Eivers et al., 2008; Fuentealba et al., 2007; Kretzschmar et al., 1997;
Massague, 2003; Pera et al., 2003; Sapkota et al., 2007; Sapkota et al., 2006; Seoane et
al., 2004). On some, albeit varying, levels all aforementioned signaling molecules act to
regulate the duration and intensity of BMP signaling so that gradients of low to moderate
BMP activity are present in the embryo that can influence fate specification contrary to
those specified by high levels of BMP signaling. How these signaling molecules are
integrated in the processing of these decisions will be discussed, but is still largely

unknown.

BMP signaling in axis patterning and cell fate specification

The roles and functions of BMPs in embryogenesis, from insects to mammals,
mostly during the early stages, have attracted the interest of many scientists.
Embryological studies involving BMP signaling have gravitated towards Xenopus and

zebrafish, mainly due to the ease of experimental manipulation. Large-scale mutagenesis



screens in zebrafish have allowed identification of genes involved in early development
(Hammerschmidt et al., 1996a; Hammerschmidt et al., 1996b; Mullins et al., 1996).
Much knowledge, mostly about the function of genes and the relationships among them,
is being accumulated. Many of the components of the BMP signaling cascade have been
isolated, but their precise requirements in embryological development are still unknown.
Members of the TGF-3 superfamily of signaling molecules play extensive roles in
early embryonic patterning. Members include BMPs (Bone Morphogenetic Proteins) as
well as Nodal ligands, which will be discussed later. The DV axis is established in large
part through the actions of BMP signaling (De Robertis, 2006; De Robertis and Kuroda,
2004; Schier and Talbot, 2005). Interestingly, this role in DV patterning is conserved
throughout the animal kingdom, implying an ancient origin for the role of this conserved
pathway in development. Inverted relative to vertebrates, the same mechanisms of BMP
signaling in DV establishment have been characterized in Drosophila (Carroll, 2001; De
Robertis and Kuroda, 2004). In vertebrates, various levels of BMP signaling subdivide
ectoderm and mesoderm into dorsal and ventral territories. Specification of ventral fate
involves BMP signaling and the activation of downstream transcription factors such as
SMAD1/5/8, ventl, and vox (Kimelman, 2006; Schier and Talbot, 2005). Direct
examination of BMP signaling using antibodies specific to the active form of
SMADZ1/5/8 indicate that BMP activity is highest on the ventral side of early gastrulas
and decreases dorsally (Tucker et al., 2008). SMAD1/5/8 activity on the presumptive
ventral side of the blastula activates the expression of ventral genes, while ventl, ved, and

vox repress the expression of genes that confer dorsal identity (Imai et al., 2001; Melby et



al., 2000). Thus, the division of dorsal and ventral fate regulates initial tissue
differentiation of the vertebrate embryo.

An elaborate system of extracellular protein—protein interactions refine the
gradient of BMP signaling that is initially established on the presumptive ventral side of
the embryo. Increasing evidence gathered from studies of vertebrate and invertebrates
shows that in the context of DV patterning, extracellular modulators perform vital roles in
the formation of differential BMP signaling levels that activate different programs of
gene expression in a dose-dependent manner, thus specifying distinct cell fates across
large fields of cells. This is mediated through two major interactions. The first is
amongst BMP antagonists, which are secreted from or around the dorsal organizer and
include Chordin, Noggin, and Follistatin (Bauer et al., 1998; Dal-Pra et al., 2006; Fainsod
et al., 1997; Furthauer et al., 1999; Harland, 1994; Khokha et al., 2005). These
antagonists bind BMP ligands and prevent their interaction with the appropriate receptor,
and offer an explanation for the dorsalization of mesoderm observed in Spemann’s
transplantation experiments. The second group of BMP signaling modulators includes
serine proteases such as Tolloid. Through the facilitation of proteolytic processing, these
modulators serve to inhibit BMP antagonists (Blader et al., 1997; Connors et al., 1999;
Connors et al., 2006; Hopkins et al., 2007; Oelgeschlager et al., 2000; Piccolo et al.,
1997; Wardle et al., 1999). These proteases act to inhibit the action of BMP antagonists
by facilitating their cleavage, thus preventing interactions with BMP ligands. The
interaction between extracellular BMP ligands and antagonists is thought to establish a
BMP activity gradient (Lee et al., 2006), where the concentrations of secreted BMP

ligands and antagonists between opposing ventral and dorsal signaling centers provide



further basis for DV patterning (Kimelman, 2006; Nguyen et al., 1998; Schier and Talbot,
2005; Tribulo et al., 2003). According to this model, high levels of BMP activity specify
ventral and epidermal fates, intermediate levels specify lateral and neural crest fates, and

low levels specify dorsal and neural fates in mesoderm and ectoderm, respectively.

Examination of BMP signaling pathways has begun to shed light on the self-
regulative nature of the embryo first observed when Hans Spemann bisected Xenopus
embryos. In addition to the well-known BMP signaling center on the ventral side of the
embryo, it was recently demonstrated that a novel BMP signaling center existed on the
dorsal side of the embryo — within the dorsal organizer itself (Reversade and De Robertis,
2005). As observed by Spemann, in the absence of a ventral signaling center the embryo
would be expected to become dorsalized. However, when this organizer is removed the
embryo forms an intact DV axis. Only when the dorsal BMP signaling center is also
depleted does the embryo become dorsalized. Thus, complex positive and negative
feedback mechanisms between these ventral and dorsal BMP signaling centers maintain
homeostatic levels of BMP signaling (Reversade and De Robertis, 2005; Sander et al.,
2007) and offer an insight into the molecular mechanisms of self-regulation of
morphogenetic fields.

Complex models of BMP activity gradients and signaling integration pose the
question: why is there such complexity in the regulation of BMP signaling? Given that
differential levels of BMP activity in the gastrula specify distinct tissue types, clearly it is
crucial to have tight regulation of BMP signaling across the DV and even AP axes.
Importantly, the complex interactions between BMP agonists and antagonists allow an

embryo to convert a relatively simple BMP ligand gradient into a differential BMP
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activity gradient such that some tissues would be exposed to higher BMP activity, while
the adjacent tissues could receive relatively little BMP activity. The elucidation of how
this process operates in a combinatorial, temporal, and spatial manner as cells proceed
through the morphogenetic movements of gastrulation remains a challenge. In Chapters
2 and 3, | present evidence suggesting that BMP signaling requirements change over
time, and that different tissues utilize unige strategies to modulate BMP activity to levels

appropriate for further development.

FGF signaling and dorsoanterior patterning

Members of the FGF family (Fibroblast Growth Factor) play perhaps the most
diverse role in embryonic development, where they have been implicated in mesoderm
formation as well as both DV and AP patterning (Bottcher and Niehrs, 2005; Itoh and
Ornitz, 2004; Itoh and Ornitz, 2008; Thisse and Thisse, 2005). The expression patterns
of downstream targets of FGF signaling have revealed that the pathway is first active at
the region of the dorsal organizer (Firthauer et al., 2001; Raible and Brand, 2001). The
cooperation of FGF signaling and BMP antagonists, which will be discussed in more
detail later, act to confer dorsal fate onto mesoderm within proximity to the dorsal
organizer.

The main signaling activated through the stimulation of FGF receptors (FGFRS) is
the Ras/MAPK (Mitogen Activated Protein Kinase) pathway (Bottcher and Niehrs,
2005). Activation of FGFRs leads to the binding and localization of several small
adaptor molecules and the subsequent activation of the GTP-binding protein Ras. Ras

activation results in the phosphorylation and activation of downstream Raf, MEK, and
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MAPK, the last of which translocates into the nucleus and phosphorylates target

transcription factors. This in turn activates transcription of target genes.

FGF inhibition of BMP signaling

Of all the signaling families known to play roles in early embryonic patterning,
FGF signaling has been most widely characterized in opposing the actions of BMP
signaling. Data in Xenopus and zebrafish mainly suggest an early role for FGF signaling
by establishing the DV axis through the repression of BMP signaling. During early
gastrulation, these signaling molecules and their downstream target genes often share
complementary patterns of expression. Misexpression of FGF ligands can inhibit
expression of bmp2b/7 and lead to the dorsalization of the embryo (Furthauer et al., 2002;
Furthauer et al., 2001; Firthauer et al., 1997; Furthauer et al., 2004). Interestingly,
blocking FGF activity during early gastrulation does not result in a ventralized embryo.
However, a synergism is observed when hypomorphic mutations in BMP antagonists
such as chordin and FGF family members such as fgf8 are combined. These results
suggest that BMP antagonists and FGF signaling contribute to blocking BMP activity
along the dorsal side of the gastrula. Conversely, hyperactivation of FGF signaling
results in the repression of BMP ligand expression and the expansion of dorsal
derivatives at the expense of ventral tissue (Flrthauer et al., 1997; Flrthauer et al., 2004).
Taken together, these results establish the early role of FGF activity in restricting BMP
expression and activity. Exactly how FGF signaling inhibits BMP expression is currently

unknown.
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In addition to the transcriptional repression of BMP ligands and their targets, FGF
signaling also directly interferes with the intracellular BMP signaling cascade. Smad1l
contains canonical MAPK phosphorylation sites in its linker region, which connects
DNA binding domains of the SMAD proteins. Phosphorylation of the linker region by
activated MAPK inhibits the activating phosphorylation of SMADL in response to BMP
signaling, and thus prevents its translocation into the nucleus (Kretzschmar et al., 1997;
Pera et al., 2003; Sapkota et al., 2007). Evidence for this comes from studies in Xenopus,
where overexpression of phosphorylation resistant mutants of SMADL increased ventral
tissue at the expense of dorsal tissue (Pera et al., 2003). Thus, the activity of the BMP
pathway can be tempered by activated MAPKs downstream of FGF signaling. These
studies demonstrate that in vivo MAPK plays a key role in the regulation of BMP signal
transduction. Interestingly, MAPK phosphorylation sites are conserved in all BMP-
activated SMADs, and present in every vertebrate examined (Eivers et al., 2008).

The reciprocal regulation of FGF activity by BMP signaling also appears to occur
during embryogenesis. In murine limb bud development, BMP activity inhibits FGF
signaling by downregulating Fgf4 expression in the apical ectodermal ridge (Ganan et al.,
1996; Pizette and Niswander, 1999; Zuniga et al., 1999). In Chapter 3, | demonstrate that
tight regulation of BMP activity is critical in the maintenance of FGF activity;
Inappropriate increases in BMP activity are capable of modulating FGF activity through

regulation of FGF receptor expression.

Nodal signaling and mesoderm induction
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Members of the Nodal family of signaling molecules, a second class of the TGF-13
superfamily, have been demonstrated to play central roles in the formation of the DV and
AP axes as well as mesoderm induction (Schier, 2003; Shen, 2007; Tian and Meng, 2006;
Weng and Stemple, 2003). In contrast to other signaling systems, Nodal genes have not
been found in Drosophila or C. elegans. This suggests that that the evolution of Nodal
signaling has been coupled to developmental processes that are distinct to chordates, such
as mesoderm induction.

Gene expression and fate map analyses in Xenopus and zebrafish have revealed
that Nodal signaling acts before and during gastrulation to specify endo- and mesodermal
cell fate. This occurs in a dose-dependent manner; a Nodal signaling gradient exists
along the DV and animal-vegetal axes where the highest levels of Nodal activity received
by cells closest to the dorsal organizer become endoderm, while cells surrounding the
dorsal organizer receive slightly lower levels of Nodal activity and are fated to become
mesendoderm and mesoderm (Birsoy et al., 2006; Dale et al., 1992; Gritsman et al., 2000;
Kelly et al., 1995; Kimelman and Kirschner, 1987; Koster et al., 1991; Slack et al., 1987,
Smith, 1987; Szeto and Kimelman, 2004). Loss of function analyses have revealed that
reduced levels of Nodal activity result in the transfating of endoderm into mesoderm
(Gritsman et al., 2000). The levels of Nodal activity that mesodermal cells receive also
serve to specify their position along the AP axis; cells exposed to higher levels of Nodal
activity adopt positions more anterior than those exposed to lower levels (Erter et al.,
1998).

Through the use of small molecule inhibitors of Nodal signaling, Hagos and

Dougan (2007) have demonstrated that timing of Nodal signaling is critical in both axis
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patterning as well as the timing of cell specification. Nodal levels control a
developmental program that determines the fate of responding cells and controls when
these fates are specified. Inhibition or hyperactivation of Nodal signaling is capable of
delaying or expediting, respectively, the adoption of particular endo- and mesodermal
characteristics while the length of exposure to Nodal signaling determines whether the
competent cell becomes endoderm or mesoderm. Thus, cells responsive to particular
molecules acquire their fate based upon the cumulative dose of signaling received. This
is a function of both the competence of the receiving cells as well as the strength of the
signal.

Initiation of the Nodal signaling cascade involves binding to Nodal
transmembrane receptors and an EGF-CFC co-receptor (Bamford et al., 2000; Shen and
Schier, 2000). This binding facilitates phosphorylation of SMAD2/3, where a complex
of PSMAD?2/3 and a DNA binding cofactor mediate transcription of Nodal target genes
(Kumar et al., 2001; Lee et al., 2001; Yeo and Whitman, 2001). Despite the importance
of these intracellular regulators of Nodal signaling, little is known about how they

integrate signaling duration and intensity into regulation of Nodal target genes.

Nodal inhibition of BMP signaling

As with FGF-mediated inhibition of BMP signaling, there is evidence to suggest
that components of Nodal signaling also inhibit BMP activity. In addition to activating
SMAD?2/3, Nodal ligands can also antagonize the activation of the BMP signaling
cascade. This happens, at least in part because some Nodal ligands can form signaling-

inactive heterodimers with BMP ligands (Yeo and Whitman, 2001). Xenopus Xnr3, a
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Nodal family member, lacks the ability to initiate Nodal signaling cascades within the
cell but is capable of binding BMP2/4, preventing them from interacting with their
appropriate receptors (Wessely et al., 2001). Similarly, the secreted molecule Follistatin
acts as a multifunctional antagonist of both BMP and Nodal ligands (Nakamura et al.,
1991).

In addition to direct interference with BMP ligands, Nodal signaling appears
capable of indirectly inhibiting the activation of SMAD1/5/8. Cell culture studies have
indicated that Nodal co-receptor EGF-CFC proteins activate non- TGF-[3 signaling
pathways. For example, activation of MAPK by Cripto, one such Nodal co-receptor, has
been observed in mouse and human cell culture (Adamson et al., 2002). In Xenopus, the
EGF-CFC protein FLR-1 has been shown to inhibit BMP activity by activating MAPK
(Kinoshita et al., 1995; Yabe et al., 2003).

Taken together, these studies indicate that different levels of Nodal signaling
activity in a cell can induce different fates. This raises the question of how Nodal
signaling is differentially modulated in vivo. While the interaction of the Nodal pathway
with other pathways is clear, the extent of these interactions is unknown. It is interesting
to note that through both direct and indirect means, Nodal signaling inhibits BMP
signaling. What is the rationale for this interaction? Do Nodal and BMP activity play
opposing roles in fate specification, or do the pathway-specific SMADs compete for the
common SMAD4? It remains possible that the specification of some mesodermal cell
types require the input of both Nodal and BMP signaling, although this has not been
examined. Conversely, it is also possible that the two signaling pathways act to directly

oppose each other. There is some evidence to suggest this interpretation from loss of
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function studies involving the BMP signaling pathway. In embryos lacking functional

BMP signaling components, some cell types specified by Nodal signaling are expanded.

WNT signaling and AP patterning

As with other families of signaling molecules, WNT signals are pleiotropic, with
effects that include mitogenic stimulation, cell fate specification, and differentiation. The
WNT family of signaling proteins has been implicated in multiple developmental events
during embryogenesis, most notably in establishing the dorsal side of the embryo in
Xenopus and zebrafish. The nuclear translocation of maternally deposited R-catenin is
the mechanism through which WNT signaling provides the earliest molecular DV
asymmetry, and is critical in the establishment of the dorsal organizer (Dougan et al.,
2003; Logan and Nusse, 2004; Schneider et al., 1996). In the absence of this maternally
derived factor, the dorsal organizer does not form, and the embryo is ventralized (Kelly et
al., 2000; Nojima et al., 2004).

In addition, WNT signaling patterns the AP axis in a manner that is conserved
amongst vertebrates (Logan and Nusse, 2004; Schier and Talbot, 2005). Studies
involving WNT signaling members suggest that WNT activity promotes posterior cell
fate, where loss of function analyses involving WNT pathway members result in an
expansion of anterior tissue at the expense of posterior domains (Dorsky et al., 2003;
Erter et al., 2001; Heisenberg et al., 2001; Kim et al., 2000; Lekven et al., 2001; Shimizu
et al., 2005; Woo and Fraser, 1997). Conversely, overexpression of WNT ligands in
Xenopus and zebrafish posteriorize the embryo, repressing anterior gene expression and

promoting the anterior misexpression of posterior genes (Lekven et al., 2001).
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Information from these studies have led to a WNT activity model, where high levels of
WNT signaling specify the presumptive posterior domain of the embryo, with decreasing
levels of WNT activity specifying progressively more anterior fate.

A hallmark of WNT pathway activation is the elevation of cytoplasmic p-catenin
protein levels. WNT signaling through a Frizzled-Lrp (Low-density Lipoprotein
Receptor) receptor complex and a number of cytoplasmic proteins act to stabilize -
catenin within the cell. In the absence of WNT signaling, p-catenin is phosphorylated by
the GSK3 kinase (Amit et al., 2002; Liu et al., 2002; Yanagawa et al., 2002; Yost et al.,
1996). The interaction between these kinases and p-catenin is facilitated by the
scaffolding proteins Axin and APC (Hart et al., 1998; Kishida et al., 1998; Sakamoto et
al., 2000). Together, these proteins form a p-catenin degradation complex that allows
phosphorylated -catenin to be targeted for ubiquitination and degradation (Aberle et al.,
1997; Latres et al., 1999; Liu et al., 1999). Activation of WNT signaling inhibits -
catenin phosphorylation and hence its degradation. Elevation of -catenin levels leads to
its nuclear accumulation (Cox et al., 1999; Miller and Moon, 1997; Tolwinski and
Wieschaus, 2004) and complex formation with LEF/TCF transcription factors (Behrens
et al., 1996; Molenaar et al., 1996; van de Wetering et al., 1997). B-catenin mutant forms
that lack the phosphorylation sites required for its degradation are WNT unresponsive
and can activate WNT target genes constitutively (Munemitsu et al., 1996; Yost et al.,
1996). The increased stability of B-catenin following WNT signaling leads to the
transcriptional activation of target genes mediated by B-catenin interactions with the

TCF/LEF DNA-binding proteins. Conversely, in the absence of WNT signaling, TCF
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acts as a repressor of WNT target genes (Behrens et al., 1996; Brannon et al., 1997;
Cavallo et al., 1998; Molenaar et al., 1996; van de Wetering et al., 1997).

WNT and BMP signaling integration

Another layer of complexity to BMP signaling has recently been uncovered by
examining interactions between WNT and BMP signaling. In the specification of the
embryonic axes, it has been noticed that WNT and BMP signaling cooperate in the
promotion of similar yet sometimes distinct embryonic domains (De Robertis and
Kuroda, 2004; Eivers et al., 2008; Schier, 2003; Schier and Talbot, 2005). For example,
the BMP target genes vent and vox are also target genes of WNT signaling, and the
combined action of WNT and BMP signaling are thought to define the size of the dorsal
organizer (Imai et al., 2001; Kelly et al., 2000; Kimelman, 2006; Melby et al., 2000;
Ramel et al., 2005; Schier, 2003; Schier and Talbot, 2005). It is not surprising, then, that
the molecules secreted from the dorsal organizer act to inhibit WNT signaling. Some of
these inhibitors, such as Cerberus, are multifunctional antagonists of WNT and BMP
signaling (Piccolo et al., 1999). Others, such as Sizzled, bear structural resemblance to
the sFRP family of WNT antagonists yet act solely as BMP antagonists (Lee et al., 2006).

Recently, a novel branch of the WNT signaling cascade was revealed through the
discovery that in addition to MAPK, GSK3 also serves to phosphorylate SMAD1 at a
region in its linker domain (Fuentealba et al., 2007). This phosphorylation targets
SMAD1 for ubiquitination and degradation. As GSK3 is inhibited by WNT signaling, a
mechanism for the integration of WNT and BMP signaling has emerged where the
promotion of venteroposterior cell fate involves cross talk between WNT and BMP

signaling cascades. Through this model, it has been proposed that WNT signaling acts to
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prolong the effects of BMP signaling by preventing SMADL1 linker phosphorylation by

GSKa3 (Eivers et al., 2008).

Additive effects of signaling integration on cell fate

Individual signaling pathways have been extensively characterized, from the
levels of the ligand to the signaling cascade that is activated and the target gene that is
expressed as a result. However, rarely do signaling events occur in isolation within the
embryo. The next challenge to understand signaling requirements during embryogenesis
is to understand how signaling systems influence each other, and how multiple signals
create a unique output in terms of cell fate. This is essential to understand how one
ligand can induce the adoption of many different fates. Signaling integration has been
most extensively characterized in the process of neural induction, with further

implications projected onto DV and AP patterning and cell fate specification in general.

Neural induction

It has long been known that inhibition of BMP and WNT activity promotes neural
fate in ectoderm (De Robertis and Kuroda, 2004; Weinstein and Hemmati-Brivanlou,
1999). Many secreted molecules involved in head formation are multifunction
antagonists of both signaling pathways. Overexpression of these antagonists or dominant
negative components of the BMP or WNT signaling cascades expand the domain of
neural tissue (Aubert et al., 2002; Glinka et al., 1997; Hurtado and De Robertis, 2007,
Lemaire et al., 2002; Piccolo et al., 1999; Reversade et al., 2005). Similarly, explants of

naive ectoderm can be induced to adopt neural characteristics when exposed to BMP
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antagonists (Wilson and Hemmati-Brivanlou, 1995). High levels of FGF activity have
the same effect as inhibition of BMP and WNT activity (Hurtado and De Robertis, 2007;
Kuroda et al., 2005; Pera et al., 2003), leading to the hypothesis that the neuralizing effect
of BMP and WNT inhibition is somehow tied to FGF signaling.

The identification that SMADL is a downstream target of WNT and FGF
signaling (Fuentealba et al., 2007; Kretzschmar et al., 1997; Massague, 2003; Pera et al.,
2003; Sapkota et al., 2007) has demonstrated that signaling integration occurs in the most
fundamental of processes. A model has been proposed that following the activating
phosphorylation of SMAD1 through BMP signaling, two sequential phosphorylation
events limit the duration of the intracellular BMP signaling cascade (Eivers et al., 2008).
In this model, the fate of cells receiving high levels of BMP is tempered through
inhibitory phosphorylations brought about by FGF signaling and GSK3 (where there are
low levels of WNT activity). Thus, in regions where there are high levels of BMP and
WNT activity, BMP signaling regulates the intensity of the signal, while WNT and FGF
signaling regulate the duration of activated PSMAD1 received by the nucleus. The two
qualities regulated by this integration — intensity and duration — likely affect
transcriptional regulation differently. Although the reason behind this additional level of
signaling regulation and integration is not fully understood, it likely provides a more

robust mechanism of patterning precision.

Integrating DV and AP patterning through SMAD1
During development the dorsal and ventral sides of the embryo must be able to

talk to each other over the distance of many cell lengths. The regulation of SMADL1 by
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BMP, FGF, and WNT signaling may provide a common mechanism through which the
embryonic axes are patterned. The establishment of the DV axis occurs through
opposing actions mediated by BMP and FGF signaling, with high levels of BMP and
FGF activity specifying ventral and dorsal identity, respectively. Although it has not
been examined, attenuation of the BMP signaling cascade on the presumptive dorsal side
of the embryo likely involves inhibitory SMAD1 phosphorylation by MAPK. Ina
similar manner, BMP and WNT signaling may converge in the patterning of the AP axis.
The WNT activity gradient specifies cell identity along the AP axis, where high levels of
WNT signaling promote posterior cell fate. Inhibition of GSK3 by high levels of WNT
activity along the posterior end of the embryo likely prolong the duration of the BMP
signal, while this duration shortens anteriorly due to lower levels of the WNT activity
gradient and thus higher levels of intracellular GSK3. Some evidence for the integration
comes from studies in Xenopus and zebrafish, where hyperactivation of the WNT
signaling pathway expands the expression of ventral markers at the expense of dorsal
ones (Erter et al., 2001; Kelly et al., 1995; Lekven et al., 2001; Ramel et al., 2005;
Shimizu et al., 2005). Conversely, inactivation of WNT pathway members produces a
severe loss of ventroposterior structures, with a concomitant expansion of dorsal fates.
Although DV and AP patterning at the level of SMADL integration has yet to be
demonstrated, the aforementioned signal integration in neural induction offers compelling
evidence for this model.

A recent study addressing the link between DV and AP patterning has
demonstrated the temporal importance of BMP activity during gastrulation. By

inactivating BMP signaling at specific points, Tucker and colleagues demonstrated that
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BMP activity establishes DV fate in an anterior to posterior wave, concomitant with the
progression of gastrulation (Tucker et al., 2008). Through the generation of inducible
BMP transgenes, Tucker demonstrated that dorsalization defects of BMP mutants in
progressively decreasing regions of posterior structures could be rescued as gastrulation
proceeds, but anterior structures specified before induction of the transgene remained
dorsalized. The finding suggests that differentiation along the AP axis is controlled by
distinct temporal intervals of BMP signaling, with an early specification of anterior DV
polarity followed by a later specification of more posterior DV fate. Their results suggest
that requirements for signaling activity changes as gastrulation proceeds, and may
provide an interesting temporal dimension to the proposed mechanisms of integrating the

DV and AP axes by SMAD1 phosphorylation.

Signaling integration in tissue induction and patterning

Although the broad specification of embryonic axes and tissue type has been
relatively well characterized, many nuances involving the refinement of cell
communication between signaling centers and competent cells are still unknown. As
mentioned above, only recently has evidence emerged suggesting that signaling activity
gradients are not static during gastrulation but rather change over time in response to
tissue specification. Even less is understood about the synergy occurring between
signaling interactions at the intracellular level, raising the distinct possibility that
embryonic cells do not respond to simply one ligand during fate specification. Evidence
suggesting an intracellular link between DV and AP patterning demonstrate that the

integration between multiple signaling activities exert a far greater influence over cell
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fate than their sum totals would suggest. Furthermore, it is unclear how transcriptional
targets of signaling molecules respond to this signaling integration, especially in the
establishment of positive or negative feedback loops that promote or inhibit signaling to
surrounding territories.

Most of what is known surrounding signaling interactions focuses on early
embryonic events. Mutagenesis screens performed in zebrafish have identified a number
of loci involved in signaling during early embryogenesis. Often these genes are required
prior to the end of gastrulation. During these stages, morphological defects brought
about by signaling perturbations are easy to identify. However, these signaling pathways
continue to be utilized during later stages of embryogenesis, as well as in adult
homeostasis and tissue repair. Many oncogenes are components of signaling pathways
(Bottcher and Niehrs, 2005; Eivers et al., 2008; Logan and Nusse, 2004; Thisse and
Thisse, 2005). Thus, understanding interactions that occur during cell communication is
critical for understanding multiple biological processes.

I will discuss stage specific requirements of signaling activities in the
establishment of two seemingly different tissues: the otic placode and the notochord.
Although the otic placode and notochord arise from ecto- and mesoderm, respectively,
they both require input from multiple signaling molecules. Through local interactions
with signaling antagonists, activity gradients are established that define the eventual fate
of these cells. How these gradients specify cell fate is key to understanding

embryogenesis.

Signaling events surrounding the formation of the inner ear



24

The vertebrate inner ear is a complex sensory structure responsible for the
detection of sound, gravity, and acceleration. Comprised of a series of communicating
chambers and multiple cell types, it is complex in both structure and function (Ohyama et
al., 2007; Schneider-Maunoury and Pujades, 2007; Streit, 2007). This complexity arises
from a simple thickening of epithelium, the otic placode, which lies adjacent to the neural
plate. The otic placode undergoes complex morphological rearrangements to form the
otic vesicle, which will eventually give rise to the inner ear. Well before the otic placode
is morphologically distinct, signaling events emanating from neural as well as non-neural
ectoderm act to induce and pattern otic cell fate. These events make otic precursor cells
distinct from other cells in the region that will contribute to other cranial sensory
placodes.

Classical embryological manipulations as well as recent molecular techniques
have provided evidence that otic induction is a multi-step process, requiring multiple
inductive events in otic placode formation (Bhattacharyya et al., 2004; Jacobson, 1963;
Kozlowski et al., 1997; Martin and Groves, 2006; Noramly and Grainger, 2002; Ohyama
et al., 2007; Schlosser, 2006; Streit, 2007). Cells must first acquire an identity common
to all cranial sensory organs; cells possessing this identity occupy the preplacodal region
(PPR). Secondly, a pre-otic field must be established within the PPR. Finally, further

inductive events are necessary to refine this domain into the otic placode.

Positioning the PPR
Like neural and epidermal precursors, placodal cells are ectodermal derivatives.

Fate-mapping studies in Xenous, zebrafish, and chick have demonstrated that during early
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to mid gastrulation, ectoderm is largely divided into neural and non-neural ectoderm with
a region demarcating the two that shares characteristics of both types termed the border
region (Bhattacharyya et al., 2004; Jacobson, 1963; Kozlowski et al., 1997). This
segregation of fates is reflected by the expression of transcription factors that define
neural, non-neural, and border ectoderm. In the border region, members of the DIx, Fox,
and Msx families of transcription factors are expressed in response to BMP activity and
appear to be critical in specifying this domain (Akimenko et al., 1994; Feledy et al.,
1999; Liu et al., 2003; Luo et al., 2001; Matsuo-Takasaki et al., 2005; Nguyen et al.,
1998; Ohyama and Groves, 2004; Papalopulu and Kintner, 1993; Pera et al., 1999;
Phillips et al., 2006; Solomon et al., 2003; Suzuki et al., 1997). As the definitive neural
plate forms during late gastrulation, the expression of these genes in border ectoderm is
progressively upregulated and confined to a stripe bordering the neural plate. Fate-
mapping studies in Xenopus, zebrafish, and chick have shown that cells expressing these
transcription factors contribute to sensory placodes and neural crest (Bhattacharyya et al.,
2004; Kozlowski et al., 1997).

Shortly thereafter, PPR cells begin to express genes belonging to the
Six/Eya/Dach transcriptional network, and these cells migrate to the lateral border regions
(Ahrens and Schlosser, 2005; Bessarab et al., 2004; Kobayashi et al., 2000; Litsiou et al.,
2005; McLarren et al., 2003; Pandur and Moody, 2000; Schlosser and Ahrens, 2004).
Ultimately, cells expressing members of this transcriptional network migrate and
coalesce at positions around the neural plate corresponding with the future location of
cranial sensory placodes (Bhattacharyya et al., 2004; Kozlowski et al., 1997; Streit,

2002). Thus, the segregation of non-neural ectoderm during gastrulation is a critical
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process in the establishment of the PPR. In order to adopt a PPR specific fate, non-neural

cells must first adopt border identity.

Signaling integration in PPR induction

Once the neural border is established, inductive signals from adjacent neural and
epidermal ectoderm as well as underlying head endo- and mesoderm are critical in
subdividing border ectoderm into neural crest and PPR (Schlosser and Ahrens, 2004;
Streit, 2007). These molecules include signals from BMP, WNT, and FGF family
members. Unlike BMPs and FGFs, WNT molecules likely play no direct role in PPR
specification. Although they seem to cooperate with BMP signaling in neural crest
specification (see below), their major role seems to be in establishing the posterior
boundary of the PPR (Litsiou et al., 2005; Streit, 2007).

Evidence from Xenopus and chick suggest that BMP activity plays dual functions
in this subdivision (Ahrens and Schlosser, 2005; Brugmann et al., 2004; Litsiou et al.,
2005; McLarren et al., 2003). Lowering BMP activity through local and global
application of BMP antagonists can expand the PPR at the expense of neural crest.
Conversely, local application of BMP ligands in the border region inhibits formation of
the PPR. Of the family of BMP ligands, Bmp4 is most likely involved in the subdivision
of border ectoderm; it has been implicated in both neural crest specification as well as
PPR inhibition (Ahrens and Schlosser, 2005; Glavic et al., 2004; Rossi et al., 2008;
Tribulo et al., 2003).

Although low levels of BMP activity can expand the size of the PPR and induce

expression of some PPR genes in misexpression studies, modulation of BMP activity
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alone cannot confer PPR fate onto a group of cells (Ahrens and Schlosser, 2005; Litsiou
et al., 2005). FGF signaling seems to also be required in this process., although it is also
not sufficient for this process. The inhibition of BMP activity along with FGF activity,
however, does appear to be able to induce the full range of PPR markers in Xenopus and
chick (Ahrens and Schlosser, 2005; Brugmann et al., 2004; Litsiou et al., 2005). PPR
markers that cannot be induced with ectopic FGF activity alone can be induced when
BMP activity is additionally inhibited. Together, these studies demonstrate that signaling
requirements change during PPR specification. BMP signaling is initially required to
specify border ectoderm, where it later must be attenuated laterally to subdivide neural
crest and PPR domains. The added requirement of FGF signaling in PPR specification
may act to further depress BMP activity within PPR cells as has been demonstrated in
neural induction, although this has yet to be examined. In Chapter 3, | present evidence
addressing the strategies of the PPR in modulating BMP activity to appropriate levels for
further development. When the PPR is incapable of maintaining appropriate low levels
of BMP activity, FGF activity is depressed within the otic placode and adjacent
hindbrain, demonstrating that these signaling pathways are mutually antagonistic during

PPR formation.

Specification of otic fate
As development proceeds, become fated to contribute to specific placodes. A
number of signaling molecules have been implicated in the specification of various

placodal fates. Recent work suggests that the default state of pre-placodal cells is to
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adopt lens identity, with subsequent signals responsible for conferring additional
identities to PPR cells and restricting lens identity to only a small region in the PPR
(Bailey et al., 2006).

In Xenopus, zebrafish, chick, and mouse, FGF signaling has been shown to play a
critical role in instructing PPR cells to adopt an otic identity. In zebrafish and chick,
treatment of zebrafish embryos with the FGF signaling inhibitor SU5402 results in the
complete loss of otic vesicles as well as loss of otic markers (Leger and Brand, 2002;
Maroon et al., 2002). Similar results are observed in chick, where treatment of
presumptive otic explants with SU5402 also inhibits otic marker expression (Martin and
Groves, 2006). Furthermore, FGF signaling appears to be required to maintain otic gene
expression; SU5402 application in zebrafish at any developmental time point results in a
rapid loss of otic marker expression (Leger and Brand, 2002).

In zebrafish, chick, and mouse, the FGF ligands responsible for otic placode
induction have been identified. In zebrafish, mutagenesis screens and morpholino
analyses have revealed the Fgf3 and Fgf8 mediate otic fate decisions (Leger and Brand,
2002; Maroon et al., 2002; Phillips et al., 2001; Reifers et al., 1998). Loss of either Fgf3
or Fgf8 results in reduced otic vesicle size as well as decreased domain of otic marker
expression. In chick, signaling by Fgf3 and Fgf19 ligands are required for otic placode
induction (Ladher et al., 2005), displaying otic phenotypes similar to those of zebrafish
fgf3 or fgf8 mutants when either FGF is inactivated. In mouse, Fgf3 and Fgf10 are
considered otic inducers, and as in zebrafish, embryos containing mutations in both genes
fail to form otic vesicles and express otic markers (Alvarez et al., 2003; Wright and

Mansour, 2003).
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Gain and loss of function studies have provided clear evidence that the hindbrain
and underlying mesoderm, which secrete FGF ligands necessary for otic development,
act as FGF signaling centers in otic induction. Disruption of mesoderm induction and
patterning through inactivation of Nodal signaling in zebrafish results in a much smaller
otic vesicle (Gritsman et al., 2000; Leger and Brand, 2002). In quail, replacement of
cranial mesoderm underlying the otic placode with mesoderm occupying a different
position along the AP axis prevents otic placode induction (Kil et al., 2005). Similarly,
zebrafish and mice mutants that do not form properly segmented hindbrains for otic
vesicles that are reduced in size and abnormally patterned (Dolle et al., 1993; Giudicelli
et al., 2003; Helmbacher et al., 1998; Kwak et al., 2002; Lecaudey et al., 2007; McKay et
al., 1994; Moens et al., 1998; Prince et al., 1998; Wiellette and Sive, 2003). In summary,
both mesoderm and the presumptive hindbrain likely act as signaling centers that
generate levels of FGF activity necessary for otic placode induction.

Unlike in PPR specification, FGF signaling is sufficient to induce otic fate.
Ectopic Fgf3 in Xenopus, zebrafish, and chick is capable of inducing ectopic otic vesicles
(Adamska et al., 2001; Lombardo et al., 1998; Lombardo and Slack, 1998; Solomon et
al., 2004). Although these experiments have demonstrated the inductive properties of
FGF signaling, they have not addressed whether this information is conferred directly
upon PPR cells. It is possible that FGF signaling induces the expression of other otic
inducing molecules in FGF-competent tissues. Evidence from chick has addressed this
issue through local exposure of PPR cells to ectopic FGF signaling. In these embryos,
otic markers expression was initiated near FGF-soaked beads within a short time after

exposure (Martin and Groves, 2006). This suggests that FGF signaling directly confers
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otic identity to PPR cells. It is unclear which FGF receptors are responsible for
mediating FGF signals involved in otic induction. In Chapter 4, | examine the
requirements of known FGF receptors in this process.

Although FGF activity plays a significant role in otic placode induction, the
effects of other signaling gradients on this process are less clear. A simple gradient
composed of only FGF ligands emanating from the hindbrain and mesoderm is unlikely,
as several BMP ligands are expressed in the otic placode of zebrafish, chick, and mouse
shortly after its induction (Groves and Bronner-Fraser, 2000; Mowbray et al., 2001).
FGF activity may play dual roles in otic placode induction by both specifying otic fate as
well as inhibiting cellular responses to BMP activity. Furthermore, BMP ligand
expression in otic cells is unaffected by SU5402 treatment (Leger and Brand, 2002;
Martin and Groves, 2006), suggesting a complex interaction between FGF and BMP
signaling in otic induction and later stages of patterning. The effects of BMP signaling in
this process have yet to be resolved.

Maintenance of otic fate

As previously mentioned, prolonged FGF activity during otogenesis is key to
maintaining the expression of otic markers as well as proper patterning of the inner ear.
In addition to FGFs, WNT signaling is likely involved in maintenance of otic
determination among placodal cells after induction by FGF activity. Transgenic mice
driving WNT reporter constructs have revealed that canonical WNT activity is present in
the otic field following placode induction (Ohyama et al., 2006). When p-catenin is
artificially stabilized, mice generate enlarged otic placodes at the expense of epidermis.

Conversely, when WNT signaling is disrupted in these mice, epidermis expanded at the
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expense of the otic placode. Furthermore, inhibition of WNT activity in zebrafish
reduces otic vesicle size, although it is unclear if any otic cells adopt a similar epidermal
fate (Ohyama et al., 2006). Taken together, these results suggest that in addition to FGF
signaling, WNT activity is required to maintain cells in an otic state of determination. In
Chapter 5, we present preliminary evidence suggesting that two transcription factors
expressed within the otic placode, Thx2a/b, are critical in regulating otic competence to

WNT signaling.

Integrating multiple signals over distinct stages of otic development

From these data, a model emerges where signaling integration is critical for the
specification of specific cranial placodes. Otic induction and patterning requires multiple
levels of BMP, FGF, and WNT activity in distinct phases beginning at mid gastrulation
and lasting throughout neurulation. Initially, specification of border ectoderm requires
high levels of BMP activity adjacent to the neural plate, which must then be attenuated to
generate a placodal ground state that has the potential to contribute to all cranial sensory
organs. Specific cranial placodes are then specified through differential signaling
activities that are generated through the PPR cell’s proximity to a signaling center.
Although general requirements for the specification of placodal identity have been
identified, much remains to be understood about how signaling centers and their
antagonists surrounding the establish activity gradients responsible for this acquisition.
Further studies are required to determine the relationship between signaling molecules in

PPR and sensory placode induction.
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Signaling events surrounding the formation of the notochord

The notochord is an embryonic midline structure common to members of the
phylum Chordata, and has at least two major functions (Stemple, 2005). First, the
notochord is positioned centrally in the embryo with respect to both the DV and left-right
axes. Here, it acts as a signaling center, where through the secretion of various inducing
factors, acts to pattern axial structures. Signaling from the notochord is responsible for
providing position and fate information to surrounding cells. In this regard the notochord
is important for specifying ventral fates in the neural tube, controlling aspects of left-right
asymmetry, and specifying a variety of cell types in nascent somites (Christ et al., 2004;
Danos and Yost, 1995; Lohr et al., 1997; Pourquie et al., 1993; Scaal and Christ, 2004;
Yamada et al., 1993). Second, the notochord plays an important structural role. As a
tissue the notochord is most closely related to cartilage. Accordingly, the notochord
serves as the axial skeleton of the embryo until other elements, such as the vertebrae,
form. In some vertebrates, such as lampreys and primitive fish, the notochord persists
throughout life. In higher vertebrates, however, the notochord becomes ossified in regions
of developing vertebrae and contributes to the intervertebral discs (Linsenmayer et al.,
1986; Smits and Lefebvre, 2003; Swiderski and Solursh, 1992). Although much is
known about the roles of the notochord as a signaling center and structural support,
relatively little is known about the signaling interactions required to define notochord
fate. In Chapter 2, | provide evidence suggesting that although initially excluded from
notochord cells, BMP activity is critical in regulating both the proliferative state of the

notochord as well as the timing of its differentiation.
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Establishment of the dorsal organizer

In vertebrates, the notochord arises from the dorsal organizer (Kimmel et al.,
1990; Saude et al., 2000). At the beginning of gastrulation, the ventral BMP signaling
center positioned 180° from the dorsal organizer. Because of proximity and secretion of
BMP antagonists from the dorsal organizer and surrounding tissues, cells in this region
receive relatively little BMP activity. This gradient is critical in establishing the size of
the dorsal organizer; loss of function analyzes have demonstrated that BMP activity
antagonizes the formation of these dorsal-most structures. For example, when BMP
activity is elevated in the dorsal gastrula the dorsal organizer fails to form and resulting
embryos lack a notochord (Fekany et al., 1999; Lele et al., 2001; Saude et al., 2000; Shih

and Fraser, 1996; Willot et al., 2002).

Induction of chordamesoderm

The first inductive event that must occur in notochord development is the
transition of some cells comprising the dorsal organizer into axial mesoderm. This is
largely specified through Nodal signaling, where differential gradients of Nodal activity
specify cell fate within the dorsal organizer. Embryos containing mutations in Nodal
pathway members fail to form prechordal plate, where instead this tissue transfates to
become chordamesoderm. Thus, high levels of Nodal, received by cells deep within the
organizer, specify cells to become prechordal plate (Gritsman et al., 2000; Saude et al.,
2000). Low levels of Nodal activity found in the superficial organizer specify cells to
become chordamesoderm, the antecedent of the notochord (Gritsman et al., 2000; Saude

et al., 2000). Furthermore, notochord specification appears to be controlled locally by
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molecules secreted by the superficial organizer. When this tissue is transplanted
anywhere into an equivalently staged host, a second notochord is generated from the

donor cells (Saude et al., 2000).

Notochord elongation and outgrowth

The origin of axial mesoderm from within the dorsal organizer suggests that it
initially receives low levels of BMP activity. As gastrulation proceeds, however, the
ventral BMP signaling center and the dorsal organizer migrate within close apposition of
each other to form the tailbud, a composite structure comprised of both signaling centers
(Agathon et al., 2003; Gont et al., 1993; Kanki and Ho, 1997; Tucker and Slack, 1995).
Ectopic expression of the factors secreted from each signaling center has revealed that
structures of the tail originate from a particular signaling center. For example, axial
mesoderm arises from the dorsal organizer (Gont et al., 1993; Pyati et al., 2005) while
paraxial and lateral mesoderm arise from the ventral signaling center (Agathon et al.,
2003). Given the proximity of each signaling center, it is likely that axial mesoderm
formed during tail outgrowth receives some level of BMP activity. How secreted
molecules from each signaling center interact to generate a functional tail comprised of
axial, paraxial, and lateral mesoderm is poorly understood, and may be key to

understanding cell fate decisions within tailbud precursors.

Chordamesodermal transition into notochord
Little is understood regarding the transition from chordamesoderm into mature

notochord, although it is known that this transition is critical in regulating the type and
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duration of signals emanating from the notochord (Stemple, 2005; Stemple et al., 1996).
For example, signaling ligands expressed in chordamesoderm are extinguished as the
tissue matures. These include sonic and indian hedgehog homologues, which are
responsible for specifying myofiber cell type within paraxial mesoderm as well as motor
neuron identity in the ventral neural tube (Currie and Ingham, 1996; Krauss et al., 1993;
Pollard et al., 2006; Stemple et al., 1996; Yan et al., 1995). Prolonging the maintenance
of chordamesodermal tissue can elevate Hedgehog signaling emanating from this tissue,
resulting in a depletion of fast muscle cells and abnormal motor neuron patterning
(Pagnon-Minot et al., 2008). Thus, chordamesoderm acts as a signaling center along the
midline of the embryo (Stemple, 2005). Timing of notochord maturation is critical in
proper specification of surrounding cell types. The nature of the signal responsible for

promoting notochord development has yet to be defined.

Concluding remarks — combining signals to build an embryo

From studies centering on signaling during axis development, four general themes
have emerged. First, morphogenetic signaling centers are generated locally that can
influence the development of overlapping and neighboring cells, even those at a distance
from the signaling center. Second, differential signaling activity can induce different cell
fates. Third, positive and negative regulatory loops determine the activity of signaling in
a given cell. Fourth, the requirements for a particular signaling molecule in cell fate
specification is not all-or-none. Multiple signaling pathways converge, integrating the
intensity and duration of a particular signal and thus regulating the transcriptional output

of the target cell.
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Although we can describe a particular process as being largely influenced by one
signaling family, recent evidence suggests that this may be an oversimplification. In
several experimental models, multiple signaling families act redundantly or even in a
synergistic manner in the promotion of cell and tissue fate. Recent studies have begun to
reveal that cell identity is not governed solely by the absolute state of a particular ligand,
but rather that timing, duration, and intensity of signaling are critical in determining cell
fate. Thus, the steps involving specification of a particular fate are highly dynamic
throughout embryonic development. Furthermore, while all of the signaling families that
are important in patterning the gastrula have likely been identified, individual factors in
these processes remain to be characterized. How these factors interact with one another
in the generation of an embryonic body plan is far from being understood. Investigation
of the mechanisms underlying tissue induction and development can provide a deeper
understanding of how signaling systems interact during embryogenesis.

In the following chapters, I provide evidence for the molecular strategies that
embryos utilize to integrate and modulate signaling inputs, with the effects these inputs
have on tissue patterning. In Chapter 2, | demonstrate that BMP signaling is required to
regulate cell division as well as tissue maturation of chordamesoderm, a structure that
initially requires very low levels of BMP activity in its specification. In Chapter 3, |
demonstrate that the regulation of a BMP modulator within the PPR is critical in further
steps of PPR, and later otic, development. In the absence of proper BMP regulation
within this tissue, FGF activity is disrupted. In Chapter 4, | examine the requirements of

four known FGF receptors in otic induction. Finally, in Chapter 5, | present evidence
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suggesting that factors intrinsic to pre-otic cells are critical in regulating competence to

respond to WNT signaling, after initial requirements for FGF activity in otic induction.
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CHAPTER 2

Tailbud-derived Bmp4 drives proliferation and
Inhibits maturation of zebrafish chordamesoderm

(Esterberg, Delalande, and Fritz, Development, in press)
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Abstract

In zebrafish, BMP signaling establishes cell identity along the dorsoventral (DV)
axis during gastrulation. Due to the early requirements of BMP activity in DV
patterning, it has been difficult to assign later roles in cell fate specification to specific
BMP ligands. In this study, we have taken advantage of two follistatin-like genes (fstl1
and fstl2), as well as a transgenic zebrafish line carrying an inducible truncated form of
the BMP-type | receptor to study the role of Bmp4 outside of the context of DV
specification. Characterization of fstl1/2 suggests that they exert a redundant role as
BMP antagonists during late gastrulation, regulating BMP activity in axial mesoderm.
Maintenance of appropriate levels of BMP signaling is critical for the proper
development of chordamesoderm, a subset of axial mesoderm that gives rise to the
notochord, but not prechordal mesoderm, which gives rise to the prechordal plate. Bmp4
activity in particular is required during a critical window beginning at late gastrulation
and lasting through early somitogenesis to promote chordamesoderm proliferation. In the
absence of Bmp4, the notochord precursor pool is depleted, and the notochord
differentiates prematurely. Our results illustrate a role for Bmp4 in the proliferation and

timely differentiation of axial tissue after DV axis specification.
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In zebrafish, BMP signaling acts progressively during gastrulation to establish
mesodermal cell identity. Mesoderm is specified early in gastrulation and contributes to
tissues that can be roughly categorized as dorsal or ventral in nature. The specification of
ventral fate involves Bmp2b/7 signaling and activation of downstream transcription
factors such as SMAD1/5/8, ventl, ved, and vox (Kimelman, 2006; Schier and Talbot,
2005; Yamamoto and Oelgeschlager, 2004). SMAD1/5/8 activity on the presumptive
ventral side of the blastula activates the expression of ventral genes, while ventl, ved, and
voX repress the expression of genes that confer dorsal identity such as the BMP antagonist
chordin (Imai et al., 2001; Kawahara et al., 2000; Melby et al., 2000). Establishment of
the DV axis is followed by a second phase of BMP signaling during mid to late
gastrulation when the interaction of BMP antagonists and agonists is thought to establish
a BMP activity gradient (Kimelman, 2006; Schier and Talbot, 2005). According to this
model, high, intermediate, and low levels of BMP activity in the mesoderm specify
ventral, intermediate, and dorsal fate, respectively.

Low levels of BMP activity direct cells surrounding the dorsal organizer to
become axial mesoderm, while their positions within this tissue influence their exposure
to other activity gradients (Schier and Talbot, 2005; Stemple, 2005). For example, Nodal
activity is critical for the process of further specification of axial mesoderm. High levels
of Nodal, received by cells deep in the organizer, specify cells to become prechordal plate
(Gritsman et al., 2000; Saude et al., 2000). Low levels of Nodal activity found in the
superficial organizer specify cells to become chordamesoderm, the antecedent of the

notochord (Gritsman et al., 2000; Saude et al., 2000).
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The molecular events surrounding the transition of chordamesoderm into mature
notochord are not fully understood, although there are several defining features of the
process (Stemple, 2005). Differentiated notochord cells acquire large vacuoles that allow
the tissue to provide structural support to the embryo. Coupled to this, genes expressed
in chordamesoderm are extinguished as the tissue matures. These include the sonic and
indian hedgehog homologues, shha and ihhb, respectively, as well as the extracellular
matrix (ECM) gene collagen 2a (col2ala) (Currie and Ingham, 1996; Krauss et al., 1993;
Yan et al., 1995). Mutagenesis screens and studies examining ECM members have
begun to elucidate the chordamesodermal transition into mature notochord. Embryos
lacking Laminin 1 subunits (bashful, grumpy, and sleepy; Parsons et al., 2002), Laminin
a4/5 (Pollard et al., 2006), and Collagen15al (Pagnon-Minot et al., 2008) continue to
express chordamesodermal markers after expression has been extinguished in wild-type
embryos, suggesting that notochord differentiation is impaired. However, given their
nature, these proteins are unlikely to play instructive roles in notochord differentiation.
The signal responsible for promoting notochord development has yet to be defined.

While it is clear that initial specification of chordamesoderm is reliant upon the
absence of BMP from the dorsal organizer, subsequent proliferation and differentiation of
this tissue may depend upon it. Posterior to the notochord lies the chordoneural hinge
(CNH), a stem cell pool that contributes to notochord, floor plate, and tailbud mesoderm
(Cambray and Wilson, 2002; Cambray and Wilson, 2007; Charrier et al., 1999; Davis and
Kirschner, 2000; Kanki and Ho, 1997). Several agonists of BMP activity, including the
BMP ligand ADMP, are expressed in axial territories during gastrulation and in the CNH

during segmentation stages (Dickmeis et al., 2001; Lele et al., 2001). Thus, BMP
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signaling may play an important role in the development of axial mesoderm after
specification of the DV axis. However, the role of BMPs in DV establishment masks
their later functions. For example, manipulation of ADMP levels within the embryo
causes DV patterning phenotypes that are difficult to resolve from tissue specific defects
(Lele et al., 2001; Willot et al., 2002).

In contrast to the known role of BMP activity in DV establishment, prior studies
have not addressed the role of the BMP activity gradient as it pertains to axial mesoderm.
In this study, we have identified both a requirement for BMP activity in the development
of this tissue, as well as the signaling molecule responsible for notochord differentiation.
We have been able to address these issues through the inactivation of two BMP
antagonists, fstl1 and fstl2 (Dal-Pra et al., 2006), that act redundantly to inhibit BMP
activity beginning at late gastrulation. Inactivation of these genes, as well as Bmp4 and
BMP signaling, reveals that Bmp4 promotes the proliferative capacity of notochord and
CNH cells. In the absence of Bmp4, chordamesoderm fails to proliferate and the
notochord differentiates prematurely. Our results illustrate the requirement of fstl1 and
fstl2 in late gastrulation to maintain proper BMP activity levels, which are necessary for

the development and timely differentiation of dorsal structures.

Experimental Procedures

Heat-shock conditions

Tg(hsp701:dnBmpr-GFP)**° (tBR) transgenic zebrafish were obtained from the
Kimelman lab (University of Washington, Seattle). This transgenic line contains a
truncated Type | BMP receptor containing GFP in place of the kinase domain under the

control of a heat shock promoter (Pyati et al., 2005). tBR embryos were heat-shocked at
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37°C for one hour at the time indicated according to Pyati et al. (2005). Where
appropriate, wild-type embryos were heat-shocked under the same conditions to serve as

controls.

In situ hybridization

The following probes were used: admp (Lele et al., 2001), bmp4 (Nikaido et al.,
1997), col2ala (Yan et al., 1995), evel (Joly et al., 1993), flh (Talbot et al., 1995), fstl1
(Dal-Pra et al., 2006), fstl2 (Dal-Pra et al., 2006), gsc (Schulte-Merker et al., 1994), ihhb
(Currie and Ingham, 1996), ntl (Schulte-Merker et al., 1992), shha (Krauss et al., 1993),

and spt (Griffin et al., 1998).

MRNA synthesis

Full length fstl1/2 cDNA was cloned into pCS2+. Capped mRNAs were
transcribed using RNA polymerase in vitro transcription kits (INMESSAGE
MMACHINE; Ambion). Approximately 100pg of fstl1 or fsti2 mRNA was injected into

one- and two-cell stage embryos.

Morpholino injection

Translation-blocking morpholinos are overlap with 22nt at the 5’ end of the
previously published MO sequence (Dal-Pra et al., 2006). fstl1 and fstl2 translation-
blocking MOs were as follows: fstl1 5’- GCAGCTGCATGGACAGAGTGAAAAC -3’;
fstl2 5’- CACGGGTAAACACCGAAACATCATT -3°. fstl splice-blocking morpholinos

were as follows: fstl1 5’- CAGACTTACCTTCACATTGTCCGTC -3’; fstl2 5°-



44

AAATTAAAGCTCACCATCACAAGTC -3’. To ensure MO function, RNA was
isolated from injected embryos and RT-PCR was performed using primers designed
around intron-exon boundaries. Those sequences are as follows: fstl1 5’-
TAATCATCCAGTCTGTGGCAGTAAT -3’ and 5’- CTTGGGCTGTTGATGAT -3’;
fstl2 5’- GGTCTGCACCGCCATGACTTGT -3” and 5’-
ACACGGCGGGTCCACTCCTC -3’. For single morpholino injections, 8ng of MO were
injected into one- and two-cell stage embryos. For double morpholino injections,
approximately 6ng of each MO was injected. The control morpholino sequence used was
5-CCTCTTACCTCAGTTACAATTTATA -3°. Where appropriate, control MO was
injected into embryos that were subsequently heat-shocked at 37°C for one hour. The
bmp4 splice-blocking morpholino used has been previously characterized (Chocron et al.,

2007).

Antibody staining
Labeling with PSMAD1/5/8 was as previously described (Rentzsch et al., 2006).
Labeling with Myf5 and F59 were as previously described (Hammond et al., 2007,
Topczewska et al., 2001). The primary antibodies were against Myf5 (anti-Myf5
recognizes MyoD in zebrafish; Santa Cruz, C-20) at 1:50, F59 (anti-MyHC; University of
lowa Developmental Studies Hybridoma Bank) at 1:10, 4D9 (anti-Engrailed; University
of lowa Developmental Studies Hybridoma Bank) at 1:20, Prox1 (Angiobio Inc.) at
1:500, and P-SMAD1/5/8 (Chemicon International) at 1:100. Alexa-conjugated
Phalloidin (Molecular Probes) was used at a 1:50 dilution to label F-actin. Appropriate

Alexa Fluor (Molecular Probes) secondary antibodies were used.
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Western blots
Protein extracts were prepared by standard procedures (Westerfield, 1994). Anti-
P SMAD1/5/8 and Anti-P SMAD2 (Cell Signaling Technology) were used at a

concentration of 1:1000.

BrdU labeling

12-somite embryos were incubated with a solution of 425ul BrdU labeling
reagent (Roche Applied Science) and 75ul DMSO for 45 minutes at 6°C. They were
then washed in embryo medium for 30 minutes at 28.5°C and fixed with 4% PFA in PBS.
BrdU incorporated cells were detected using Alexa Fluor 594 goat anti-mouse 1gG at

1:500.

Cell transplantation and margin extripation

Surgical transplantation and extirpation experiments were performed as described
(Saude et al., 2000). For ventral margin extirpation, approximately 100 cells were
removed by suction from the ventral margin of 80% epiboly embryos. For cell
transplantation, donor embryos were injected with a 5% solution of fluorescein dextran
(10K MW; Molecular Probes) at one- and two-cell stage embryos. Approximately 30
ventral margin cells taken from shield-stage donors were transplanted into the dorsal
organizer of an equivalently staged host. tBR embryos were obtained from an incross of

homozygous tBR parents. Both donor and host embryo were then heat-shocked after
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transplantation to maximize BMP signaling inhibition according to previous

transplantation protocols (Pyati et al., 2005).

Cell cycle inhibition

Published protocols were followed with slight modifications (Stern et al., 2005).
Embryos were treated with a combination of 150uM aphidicolin and 20mM hydroxyurea
in 4% DMSO between 80% epiboly and bud stage. Cell proliferation was assayed

through BrdU incorporation at stages during and after application.

Bead implantation

Human Bmp2/7 and zebrafish Bmp4 protein-coated beads (R&D Systems) were
prepared by overnight incubation of 45um polystyrene beads (Polysciences) in a
500pg/ml solution of recombinant Bmp2/7 or Bmp4 protein (R&D Systems) in PBS.
Before implantation, beads were rinsed three times for 10 minutes in PBS. Control beads

were loaded with 500pg/ml BSA.

Cell counting
DAPI-positive cells were quantified and compared by one-way ANOVA,

followed by a two-tailed, equal variance t-test.

Results

Two BMP antagonists redundantly antagonize BMP activity after DV axis

specification
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To explore the significance of BMP activity after the onset of gastrulation, we
further characterized the roles of two previously identified follistatin-like genes (fstl1 and
fstl2) (Dal-Pra et al., 2006). These genes are structurally and functionally related to
Follistatin (Fst), a known inhibitor of Bmp4 and ADMP (Dal-Pra et al., 2006; Dosch and
Niehrs, 2000; Fainsod et al., 1997; lemura et al., 1998). While fstl2 mRNA can be
detected in cleavage stage embryos, fstl1 expression is initiated during late gastrulation in
dorsal structures. Unlike fst, which is expressed only in anterior paraxial mesoderm
(Bauer et al., 1998), fstl1/2 share largely overlapping expression patterns throughout axial
and paraxial mesoderm during late gastrulation and segmentation stages (Figure 2.1; Dal-
Pra et al., 2006). Fstl2 plays a minor role in BMP antagonism during DV axis
specification, as depletion of Fstl2 in a Chordin/Nogginl deficient embryo slightly
increases the severity of the ventralization phenotype observed in Chordin/Nogginl
double morphants. Loss of Fstl2 in either Chordin or Nogginl single morphant embryos
does not enhance the ventralization phenotype (Dal-Pra et al., 2006). As shown by these
authors, we observed no DV patterning defects when either Fstl protein was reduced by
itself or in combination. The most pronounced morphological defect observed in Fstl1/2
morphants was an enlarged, undulating notochord that became less prominent as
somitogenesis continued (see Figures 2.3, 2.4, and 2.10). In addition, we found an
increase in molecular markers indicative of an increase in BMP activity (Figures 2.2, 2.3,
2.4).

The domain of the tailbud, which is dependant on BMP activity (Holley, 2006;
Szeto and Kimelman, 2006), was increased in Fstl morphant embryos and enlarged to a

greater degree when Fstl1/2 were knocked down in concert. The expression domain of
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spadetail (spt), a T-box domain transcription factor required for trunk segmental identity
(Griffin et al., 1998), was increased in Fstl1/2 morphant embryos (Figure 2.2A,B, Figure
2.3). The domain of expression of BMP agonists, which are positively regulated in
response to BMP activity, was expanded in the tailbud in a similar fashion (Yamamoto
and Oelgeschlager, 2004). This included the expression domains of bmp4 and the
transcriptional target of BMP activity, evel (Figure 2.2E,F,M,N, Figure 2.3; Pyati et al.,
2005), as well as admp in the posterior notochord (Figure 2.2Q,R). We also observed an
increase in phosphorylated (P) SMAD 1/5/8 in the tailbud, which is activated in response
to BMP signaling (Fig. 11,J; Yamamoto and Oelgeschlager, 2004). Western blots against
PSMAD1/5/8 indicated that BMP activity is increased in Fstl1/2 morphants beginning at
late gastrulation. Prior to 80% epiboly, we observed no change in PSMAD1/5/8 levels
(not shown). At the end of gastrulation, we observed an increase in BMP activity that
was present at every stage assayed, through 18-somites (Figure 2.2U). Follistatin also
binds Activin ligands with high affinity, which initiates intracellular Nodal cascades
(Harrington et al., 2006; Nakamura et al., 1991). We observed no change in PSMAD2
levels, a target of Nodal signaling (reviewed in Kitisin et al., 2007), in Fstl1/2 morphants
at any stage assayed (Figure 2.2U).

To assess morpholino specificity, we compared the phenotypes generated using
non-overlapping translation- and splice- blocking morpholino sequences. The tailbud and
notochord phenotypes observed using translation-blocking morpholinos were
indistinguishable from those observed using splice-blocking morpholinos (Figure 2.3). In
general, morphant phenotypes were reliable and were observed in greater than 90% of

embryos (n>500). Furthermore, we attempted to rescue the tailbud phenotype observed
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in Fstl1/2 morphants. Injection of either fstl1 or fstl2 mMRNA caused a reduction in the
tailbud domain, consistent with a decrease in BMP activity and a role for Fstl1/2 as BMP
antagonists (Figure 2.2C,G,K,0O,S; not shown). Coinjection of either fstl1 or fstl2 mRNA
and fstl1/2 morpholinos was sufficient to rescue the Fstl1/2 double morphant phenotype,
demonstrating the specificity of our morpholinos and a functional redundancy between
Fstll and Fstl2 (Figure 2.2D,H,L,P,T; not shown). As all of the morphant phenotypes
were comparable to each other, the Fstl1/2 morphant phenotypes illustrated here are of

embryos injected with fstl1/2 splice-blocking morpholinos.

Bmp4 activity during late gastrulation is required for chordamesoderm
patterning

The expression of fstl1/2 along the dorsal midline and the notochord defects
observed in fstl1/2 morphants suggest a function in axial development. We observed no
changes in the expression of axial markers in Fstl1/2 morphants until late gastrulation,
consistent with the temporal rise in PSMAD1/5/8 levels. At 70% epiboly, goosecoid
(gsc) expression in prechordal mesoderm (Schulte-Merker et al., 1994) and floating head
(flh), no tail (ntl), and admp expression in chordamesoderm (Dickmeis et al., 2001;
Schulte-Merker et al., 1992; Talbot et al., 1995) of Fstl1/2 morphants were comparable to
controls (Figure 2.4A,B,H,1,0,P,V,W). At 90% epiboly, the domain of prechordal
mesoderm was unchanged in Fstl1/2 morphant embryos (Figure 2.4C,D), but the domain
of chordamesoderm was expanded anteriorly (Figure 2.4J,K,Q,R,X,Y).

Since changes in chordamesodermal gene expression in Fstl1/2 morphants

appeared to be a result of increased BMP activity, we wished to determine the effects of
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lowering BMP activity on this tissue. We were able to conditionally inactivate BMP
activity through the use of a transgenic zebrafish line carrying a truncated BMP-type |
receptor fused to GFP under the control of a heat shock promoter (abbreviated tBR; Pyati
et al., 2005). Heat-shocking these embryos for one hour at 37°C blocks BMP effector
expression for at least two hours and is capable of inducing severe dorsalization
phenotypes depending on the timing of heat shock (Pyati et al., 2005). To determine the
temporal effectiveness of this transgene, tBR embryos were heat-shocked during late
gastrulation in hourly intervals and stained with PSMAD1/5/8 antibodies (Figure 2.5).
Between one and three hours post heatshock, PSMAD1/5/8-positive cells were not
detectable in tBR embryos, suggesting that heatshock attenuates BMP activity over this
time range during early somitogenesis.

As we observed an expanse in chordamesoderm and an increase in PSMAD1/5/8
levels during late gastrulation in Fstl1/2 morphants, we heat-shocked tBR embryos at
80% epiboly to examine the consequence of blocking BMP activity on chordamesoderm.
In these embryos, the domain of prechordal mesoderm was unchanged relative to heat-
shocked controls (Figure 2.4E), while chordamesoderm was absent anteriorly (Figure
2.4L,S,Z). Knockdown of Bmp4 also resulted in a reduction of chordamesoderm (Figure
2.4M,T,AA), but not of prechordal mesoderm (Figure 2.4F). The reduced domain of
chordamesoderm observed when Fstl1/2 and Bmp4 were knocked down together

resembled that of Bmp4 morphant embryos (Figure 2.4N,U,BB).

A critical window of Bmp4 activity establishes the proliferative state and size

of the CNH and notochord
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Using riboprobes against shha and ntl we examined the effect of manipulating
BMP activity on the size of the notochord and CNH. The size of the CNH in Fstl1/2
morphant embryos was expanded when compared to controls (Figure 2.6A,B,K,L).
Sections through the trunk between somites 5-10 revealed that the diameter of the
notochord was also increased in these embryos; the mean number of cells populating the
notochord was increased by 63% when compared to controls (Figure 2.6F,G; 4.1 cells vs.
6.5 cells, n=10; p<0.001).

In contrast to the expansion of the notochord and CNH observed in Fstl1/2
morphant embryos, attenuation of Bmp4 activity caused a reduction in both the diameter
of the notochord as well as the size of the CNH. The axial phenotype observed when
Bmp4 was knocked down largely resembled that of tBR embryos that were heat-shocked
at 80% epiboly (Figure 2.6C,E,M,0), with the mean number of cells populating the
notochord decreased by approximately 41% (Figure 2.6H,J; 4.1 cells vs. 2.4 cells and 2.9
cells, n=10; p<0.001). The difference in notochord cells of tBR embryos and Bmp4
morphants was not significant from one another (p>0.05). In both tBR embryos heat-
shocked at 80% epiboly and Bmp4 morphants, we observed the formation of ectopic tail
structures. These observations are consistent with roles assigned to BMP activity in
patterning ventroposterior tissues during late gastrulation (Pyati et al., 2005; Stickney et
al., 2007).

To determine the temporal requirements of axial cells for BMP activity, we heat-
shocked tBR embryos at hourly intervals beginning at 80% gastrulation, corresponding to
the time at which increased PSMAD1/5/8 levels were observed in Fstl1/2 morphants.

The size of the notochord and CNH in embryos heat-shocked at bud stage was
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comparable to those of embryos heat-shocked at 80% epiboly (not shown). Embryos
heat-shocked at the 3-somite stage yielded a notochord diameter and CNH domain that
were indistinguishable from heat-shocked controls (Figure 2.6D,I,N; 4.1 cells vs. 4.3
cells, n=10; p>0.05).

We wished to address the underlying cause of the increase in chordamesoderm.
Because chordamesoderm transfates to paraxial mesoderm in flh mutants (Halpern et al.,
1995), we reasoned that an expanse in chordamesoderm may occur at the expense of
paraxial mesoderm. However, the analysis of deltaC (dIC), myoD, and paraxial
protocadherin (papc) expression revealed no changes in paraxial territory of Fstl1/2
morphants or in tBR embryos heat-shocked at 80% epiboly (see Figure 2.14).

Because our results did not suggest that fate assignment was disrupted in Fstl1/2
morphants, we addressed whether the increase in chordamesoderm was due to increased
cell proliferation by assaying BrdU incorporation. In 14-somite controls, we observed
PSMADZ1/5/8 and BrdU antibodies co-labelling notochord cells (Figure 2.7A-A’’). In
addition to labeling these cells in Fstl1/2 morphants, cells of the CNH were positive for
PSMAD1/5/8 and BrdU, and axial cells that were BrdU-positive were also positive for
PSMAD1/5/8 (Figure 2.7B-B’’). Axial cells of Fstl1/2 morphants that were BrdU-
positive were also found in positions more anterior than in controls (not shown). In
contrast, heat-shocking tBR embryos at 80% epiboly or bud stage resulted in loss of BrdU
incorporation in both endogenous and ectopic axial structures (Figure 2.7C-C’’; not
shown). We observed no changes in cell proliferation when we heat-shocked tBR
embryos at 3-somites (not shown). The presence of PSMAD1/5/8-positive axial cells in

Bmp4 morphants (Figure 2.7D-D’’) indicates that axial cells receive signaling from
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multiple BMP ligands, and also that loss of Bmp4 does not affect signaling of other
BMPs, consistent with previous reports (Stickney et al., 2007). Nevertheless, reduction
of Bmp4 levels was sufficient to inhibit axial proliferation; cell proliferation in Bmp4
morphants resembled that of tBR embryos heat-shocked at 80% epiboly. This suggests
that BMP activity, particularly Bmp4, acts prior to 3-somites to promote

chordamesodermal proliferation.

Ventral margin as the source of axially required BMP ligands

The ventral margin acts as the major secreting center of BMPs during gastrulation
(Agathon et al., 2003; Schier and Talbot, 2005; Yamamoto and Oelgeschlager, 2004) and
is in close proximity to dorsal cells at the end of gastrulation. However, because BMP
signaling initiates positive feedback mechanisms in target cells (Yamamoto and
Oelgeschlager, 2004), an alternate source of BMP ligands might initiate from
PSMAD1/5/8-positive chordamesoderm. To demonstrate that BMP signals originate
from the ventral margin, we removed approximately 100 cells from the ventral side of the
embryo at 80% epiboly and examined the effects on chordamesoderm. Embryos lacking
most of their ventral margin resembled Bmp4 morphants; the sizes of ventral fin and
ventral somitic mesoderm were reduced (Figure 2.8). Both the domain of
chordamesoderm as well as cell proliferation in this tissue was reduced, resembling that
of Bmp4 morphants and tBR embryos heat-shocked at 80% epiboly (Figure 2.8B-E’’).
This suggests that chordamesoderm possesses a requirement for ventrally-derived BMP

ligands during late gastrulation.
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BMP activity levels influence the temporal state of the notochord

In addition to notochord size, we wished to determine if alteration of BMP
activity affects the timing of notochord differentiation. In both tBR embryos heat-
shocked at 80% epiboly and Bmp4 morphants, the expression of markers indicative of
chordamesoderm was shifted such that they resembled expression patterns seen in more
mature notochord. Expression of ihhb at 9-somites, which can be detected throughout the
entire notochord in control embryos, was maintained only in the caudal notochord of
embryos lacking Bmp4 (Figure 2.9A-C). Likewise, shha expression was lost from the
notochord but maintained in floor plate and the diencephalon in 24hpf tBR embryos,
Bmp4 morphants, and embryos lacking ventral margin (Figure 2.9E-G, I-K, Figure
2.8G). These results were confirmed by loss of ptcl expression from the trunk and tail,
where the expression pattern of 24hpf embryos lacking Bmp4 resembled 36hpf controls
(Figure 2.9M-0,DD, Figure 2.8H). col2ala expression was absent from the floor plate of
36hpf tBR embryos heat-shocked at 80% epiboly and Bmp4 morphants, more closely
resembling the expression observed in 48hpf controls (Figure 2.9Q-S,GG).

Conversely, in Fstl1/2 morphants chordamesodermal gene expression was
prolonged when compared to controls, resembling that of embryos at younger
developmental stages. Expression of ihhb, which is restricted to the caudal notochord in
18-somite embryos, was maintained in the rostral notochord of Fstl1/2 morphant embryos
(Figure 2.9U,V). We also observed shha expression in vacuolated notochord cells and
ptcl expression in axial and paraxial tissues of the trunk of 36hpf Fstl1/2 morphants,
where they are not expressed in controls (Figure 2.9X,Y,AA,BB,DD,EE). col2ala

expression was maintained in the notochord of 48hpf Fstl1/2 morphants (Figure
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2.9GG,HH), resembling expression of 24hpf controls (Yan et al., 1995). The gene
expression patterns observed in Fstl1/2 morphants are consistent with a delay in
transitioning into differentiated notochord, as is observed in embryos lacking Col15al
(Pagnon-Minot et al., 2008) and Laminin1/4/5 (Parsons et al., 2002; Pollard et al., 2006).
As cells populating the notochord become vacuolated during differentiation, we
examined the morphology of the notochord in embryos with altered BMP activity. In
24hpf controls, notochord cells swell and become vacuolated in an anterior to posterior
fashion (Figure 2.10A,C,D). While we did not observe any changes in anterior cell
morphology at the level of the hind yolk extension in Fstl1/2 morphants, cells of the
caudal notochord at the level of the cloaca were smaller than those observed in control
embryos (Figure 2.10B,E,F). Conversely, tBR embryos heat-shocked at 80% epiboly and
Bmp4 morphants exhibited caudal notochord cells at the level of the cloaca that became
vacuolated well before those observed in control embryos (Figure 2.10G-J). Precocious
vacuolation of notochord cells was also observed in embryos lacking ventral margin
(Figure 2.8F). This suggests that prolonged BMP activity delays the chordamesodermal
transition into mature notochord. In the absence of Bmp4, the notochord differentiates

prematurely.

The proliferative state of chordamesoderm establishes the timing of
notochord maturation

Alterations in BMP activity levels influence both the proliferative properties of
chordamesoderm as well as the timing of its differentiation. To determine whether the

proliferative capacity of chordamesoderm influences the timing of its maturation, we
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used small molecule inhibitors of the cell cycle (Stern et al., 2005) to block cell
proliferation during the window in which BMP activity influences the proliferative
capacity of chordamesoderm. We found that treating embryos from 80% epiboly to bud
stage with a combination of hydroxyurea and aphidicolin effectively blocked cell
proliferation during late gastrulation (Figure 2.11A,B; not shown). Removing the
inhibitors at bud stage allowed proliferation to resume two hours after washing, although
BrdU incorporating cells were not observed in chordamesoderm (Figure 2.11C-C’’). The
chordamesoderm defects observed in embryos treated with cell cycle inhibitors during
late gastrulation resembled the defects observed in embryos lacking Bmp4. Expression
of the chordamesodermal markers ihhb, shha, and col2ala resembled expression in
Bmp4 morphants (Figure 2.9D,H,L,P,T), and notochord cells at the level of the cloaca
became vacuolated before those of controls (Figure 2.10K,L).

In contrast to embryos with reduced BMP activity, chordamesoderm proliferation
is increased and transition into mature notochord is delayed in Fstl1/2 morphants. By
treating Fstl1/2 morphants with hydroxyurea and aphidicolin from 80% epiboly to bud
stage, we were able to rescue the prolonged expression of chordamesoderm markers.
Expression of ihhb and shha was restricted to caudal notochord in these embryos,
resembling comparably staged controls (Figure 2.9W,Z,CC). Similarly, col2ala
expression was lost from the notochord and floor plate of 48hpf Fstl1/2 morphants treated
with cell cycle inhibitors, also resembling controls (Figure 2.91). This suggests that the
proliferative state of chordamesoderm, which is established during late gastrulation,

determines the timing of the chordamesoderm transition into mature notochord.
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A direct role for BMP signaling in notochord development

The presence of PSMAD1/5/8-positive cells (Figure 2.7) suggests that
chordamesoderm is directly influenced by BMP activity. To demonstrate that this tissue
autonomously responds to BMP signaling, we removed approximately 30 cells from the
ventral margin of shield stage embryos and transplanted them into the dorsal organizer of
an equivalently staged host (Figure 2.100). Upon placing wild-type cells into a wild-
type host, these cells reliably populated the notochord, consistent with previous fate
mapping and transplantation studies (Gritsman et al., 2000; Saude et al., 2000).
Transplantation of ventral wild-type cells into tBR embryos heat-shocked after
transplantation resulted in donor cell morphology resembling that of control embryos
(94/132; Figure 2.10P,Q). Surprisingly, we found that these cells populated the entire
notochord at the exclusion of endogenous tBR cells. Following the transplantation of
ventral tBR cells into wild-type embryos, the tBR cells consistently failed to populate the
notochord (0/151; Figure 2.10R,S). They did, however, populate adjacent paraxial
mesoderm, contributing to myofibers and somitic cells. Thus, BMP activity biases cells
in proximity of the dorsal organizer to become chordamesoderm.

To further explore the effects of Bmp4 activity on notochord fate, recombinant
zebrafish Bmp4-soaked beads were implanted near the organizer of shield stage embryos
(Figure 2.12A). This way, involuting cells would be exposed to Bmp4. Embryos
exposed to ectopic Bmp4 exhibited an expanse of chordamesoderm at late gastrulation
stages and an increase in notochord and CNH size in segmentation stage embryos when
compared to embryos exposed to BSA-soaked beads (Figure 2.12B,C,J,K). At 24hpf, the

notochord of these embryos was composed of a bilayer of cells rather than a monolayer
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observed in controls, and development of the floor plate was delayed (Figure
2.12D,F,G,I). By 48hpf, the floor plate became visible in Bmp4-treated embryos,
although notochord cell morphology remained irregular (Figure 2.12M,N). These cells
did not fully vacuolate, and some cells remained arranged in a bilayer. tBR embryos
exposed to Bmp4-soaked beads and heat-shocked at 80% epiboly did not exhibit enlarged
notochords (Figure 2.12E,H).

Because we observed that axial cells remained PSMAD1/5/8-positive when Bmp4
was knocked down, we wished to examine the effects of other BMPs on notochord
development (Figure 2.13). Implantation of beads soaked with recombinant human
Bmp2/7 did not noticeably alter the domain of chordamesoderm or notochord

morphology when compared to controls.

The timing of notochord maturation influences myotome patterning

Because delays in notochord maturation disrupt myotome patterning (Pagnon-
Minot et al., 2008), we examined slow and medial fast muscle specification in Fstl1/2
morphant embryos. During early somitogenesis stages, Hedgehog (Hh) activity
maintains myoD expression in slow and medial fast muscle precursors (Barresi et al.,
2000; Linker et al., 2003; Wolff et al., 2003). In embryos lacking Fstl1/2, myoD
expression was upregulated in the presumptive slow and medial fast territories of the
somite (Figure 2.14A,B). Immunostaining with antibodies against MyoD confirmed a
significant increase in MyoD-positive cells when compared to controls (Figure 2.14; 74.6
vs. 120.4, n=5; p<0.001). Fstl1/2 morphant embryos also displayed an increase in

horizontal myoseptum size, as evidenced by immunostaining with F59 antibodies that
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recognize mainly slow muscle (Figure 2.14G,H; Devoto et al., 1996). Likewise, the
number of Engrailed-positive cells, which are induced in response to Hh activity (Wolff
et al., 2003), was increased in Fstl1/2 morphants (Figure 2.14J,K,M,N).

Attenuation of BMP activity at 80% epiboly had the converse effect on myofiber
specification. While myoD expression was maintained in presumptive slow muscle cells
in tBR embryos, a significantly smaller number of MyoD-positive cells were found in the
presumptive medial fast muscle domain (Figure 2.14C,F; 57.2 vs. 74.6, n=5; p<0.001).
Embryos failed to form an organized horizontal myoseptum, and exhibited a reduction in
Engrailed-positive muscle pioneers and medial fast muscle fibers (Figure 2.141,L,0).
The disruptions in myofiber specification suggest that the timing of notochord maturation

influences Hh activity levels in adjacent paraxial mesoderm.

Discussion

Members of the BMP family of signaling molecules are typically assigned roles in
specification of ventral cell fate. Here we describe a previously unappreciated function
for BMP signaling in the promotion of dorsal fate. We demonstrate that Bmp4 patterns
axial tissue by promoting chordamesoderm proliferation, ultimately influencing the size
of the notochord and CNH. Two BMP antagonists, Fstl1/2, modulate BMP activity to
appropriate levels in chordamesoderm. In their absence the chordamesoderm domain is
expanded, and these cells do not transition into mature notochord in a timely manner.
Conversely, in the absence of Bmp4 the chordamesodermal domain shrinks and
notochord cells differentiate prematurely. As such, we demonstrate a requirement for

BMP activity in the timing of notochord differentiation.



60

Axial requirements for BMP activity change as gastrulation proceeds

Models addressing BMP activity in embryogenesis have established the
ventralizing role of BMP signaling in specifying DV fate (Kimelman, 2006; Schier and
Talbot, 2005). Surprisingly, our study demonstrates a dynamic requirement of axial
tissue for BMP activity during gastrulation. Following establishment of the DV axis,
axial cells require tightly regulated levels of BMP activity for proper patterning of
chordamesoderm and its precursor pool. Changes in axial requirements for BMP activity
IS consistent with two recent studies in zebrafish examining BMP and Nodal activity
during zebrafish gastrulation. Tucker and colleagues (2008) demonstrated that BMP
patterning of the DV axis occurs progressively in an anterior to posterior fashion as
gastrulation proceeds. Hagos and Dougan (2007) demonstrated that cells responsive to
Nodal signaling acquire their fate based upon the cumulative dose of Nodal signals the
cell receives. This is a function of both the competence of the receiving cells as well as
the strength of the signal. These studies suggest that cells possess different requirements
for activity gradients as gastrulation proceeds. This is in agreement with the characteristic
migration of two margins into proximity with the other during gastrulation- the ventral
margin secreting BMP ligands and the dorsal organizer secreting BMP antagonists
(Agathon et al., 2003). As the circumference of the margins decrease during epiboly,
cells populating ventral and dorsal margins receive increasing amounts of factors secreted
from the other margin. The question is, at what point does distance between the two
margins influence the BMP activity gradient on the dorsal side of the gastrula?

Our results demonstrate that the ventral margin does indeed influence cells arising

from the dorsal margin, beginning during the transition from mid- to late-gastrulation.
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Attenuation of total BMP activity at any developmental stage between 80% epiboly and
3-somites arrests chordamesodermal proliferation, culminating in a reduction in the size
of the notochord and CNH. Because attenuation of BMP activity after the 3-somite stage
has no apparent effect on axial structures, we propose that BMP ligands emanating from
the ventral organizer during late gastrulation signal presumptive axial cells in the dorsal
margin.

It is possible, although unlikely, that axial cells require BMP activity prior to late
gastrulation. Labeling embryos with PSMAD1/5/8 antibodies at hourly intervals has
revealed that PSMAD1/5/8-positive cells are not observed in the dorsal gastrula until late
gastrulation (Tucker et al., 2008). Therefore, the rise of PSMAD1/5/8 levels after 80%
epiboly in Fstl1/2 morphants is consistent with a role in mediating BMP activity in axial

tissue.

Selective requirement of BMP activity in the chordamesoderm

Nodal activity is critical for both the induction of mesoderm and the specification
of axial cell fate (Kimelman, 2006; Schier and Talbot, 2005; Stemple, 2005). The
location of cells within the dorsal organizer dictates the level of Nodal activity that axial
mesoderm receives. High levels of Nodal signaling specify deep gsc-expressing
prechordal plate, while lower levels specify more superficial flh-expressing
chordamesoderm (Gritsman et al., 2000; Saude et al., 2000). Since Follistatin binds
Activin ligands (Harrington et al., 2006; Nakamura et al., 1991), one possibility for the
notochord phenotype observed in Fstl1/2 morphants is an alteration in Nodal activity. If

this activity were significantly altered, one would expect a transfating between types of
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axial mesoderm, as has been observed in mutants lacking zygotic contribution of the
Nodal co-receptor Oep (Gritsman et al., 2000). However, we observe no changes in the
prechordal domain of Fstl1/2 morphants as assayed by the expression of the Nodal-
responsive gene gsc and PSMAD?2 levels. Furthermore, the phenotypes observed in
chordamesoderm and notochord of embryos with reduced BMP activity are
complementary to those observed in Fstl1/2 morphants. Thus, the main role of Fstl1/2 is
to modulate BMP activity.

Two models can explain the inability of prechordal cells to respond to BMP
signaling: the location of these cells during gastrulation, or their competence to respond
to Bmp4. As gastrulation proceeds, prechordal plate cells rapidly increase their distance
from the ventral margin, distancing themselves from BMP-secreting cells. If prechordal
cells were competent to respond to Bmp4, gsc expression would be altered in embryos
receiving Bmp4-soaked beads. Therefore, a more plausible model is that prechordal plate
cells are not competent to respond to Bmp4 during mid- to late-gastrulation, which would

make them distinct from chordamesoderm precursors in the dorsal organizer.

A balance between proliferation of the CNH and differentiation of
chordamesoderm

Our results indicate that during late gastrulation through early somitogenesis,
BMP signaling regulates the size of the chordamesodermal domain by establishing its
proliferative state. In the absence of Bmp4, chordamesodermal cells prematurely
transition into differentiated notochord. Conversely, chordamesodermal proliferation is

increased in Fstl1/2 morphants and maturation of the notochord is delayed. BMP
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signaling may play a dual, independent role to control the proliferative status of the CNH
and chordamesoderm and to regulate the timely differentiation of notochord precursors.
By inhibiting cell proliferation over the same window at which BMP activity influences
the proliferative state of chordamesoderm, we were able to mimic the notochord
phenotype observed in tBR embryos and Bmp4 morphants. Additionally, blocking cell
proliferation inhibits the prolonged maintenance of chordamesodermal character
observed in Fstl1/2 morphants. Since heat-shocking tBR embryos after 3-somites has no
apparent effect on indicators of notochord differentiation, it is likely that BMP activity
does not directly delay chordamesoderm maturation. Rather, the evidence presented
suggests a single role for BMP signaling in controlling proliferation and favors a causal
link between CNH proliferation and notochord maturation. We propose a model where
the size of the axial precursor pool, established by Bmp4 and tightly controlled by two
Fstl proteins, ultimately determines the maturation schedule of the notochord. While we
demonstrate the requirement of Fstl1/2 in this process, both chordin (chd) and nogginl/2
(nog1/2) are also chordamesodermally expressed, with nogl/2 expression persisting in
the CNH through notochord maturation (Firthauer et al., 1999; Miller-Bertoglio et al.,
1997). Although their requirement in DV specification prevents simple morpholino-
mediated inactivation (Dal-Pra et al., 2006; Hammerschmidt et al., 1996a;
Hammerschmidt et al., 1996b; Schulte-Merker et al., 1997), we cannot rule out that either
chd or nog1/2 might act synergistically with fstl1/2 in chordamesoderm development as
they do in early DV patterning. Similar models for a role of Bmp4 signaling in balancing
proliferation and differentiation have been proposed in other contexts. The influence

Bmp4 exerts over hematopoietic stem cell (HSC) proliferation (Zhang and Li, 2005)
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draws parallels with the effect of losing Bmp4 on the CNH. Bmp4 promotes the
proliferative state of HSCs while delaying differentiation (Zhang et al., 2003). In the
absence of Bmp4, HSCs exit the cell cycle and differentiate prematurely (Bhatia et al.,
1999).

In addition to notochord contributions, cells from the CNH give rise to floor plate
and tailbud mesoderm (Cambray and Wilson, 2002; Charrier et al., 1999; Davis and
Kirschner, 2000). Our transplantation experiments suggest a particular requirement for
BMP responsiveness in chordamesoderm: BMP-responsive cells preferentially populate
the notochord, while cells unresponsive to BMP signaling contribute to paraxial and
tailoud mesoderm. In addition to its role in proliferation and differentiation, differential
levels of BMP activity appear to be critical in relegating CNH cells to a particular fate.

Experiments by Agathon and colleagues (2003) have shown that the BMP-rich
ventral margin in zebrafish posses tail organizer activity that contributes to non-axial
derivatives in the tail, while the CNH, derived from the dorsal organizer, contributes to
axial components. Their data, along with other studies (Beck et al., 2001; Gont et al.,
1993; Pyati et al., 2005; Tucker and Slack, 1995) suggest that axial and non-axial tissues
of the tailbud can develop independently under certain experimental conditions.
However, as these two organizing centers move into close proximity at the end of
gastrulation, they likely need to interact with each other to promote the coordinated
growth, patterning, and differentiation of the tailbud. Our studies have revealed a
requirement for BMP signaling from the ventral margin on the dorsal organizer,

providing a mechanism by which such coordination can be achieved and demonstrating
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previously unappreciated roles of BMP activity in the patterning and maturation of axial

structures.
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Figure 2.1: Expression of follistatin-like genes 1 and 2.

(A) Lateral view, animal pole at the top. (C,D) Lateral views, ventral to the left. (E-H)
Dorsal views, with anterior to the top. (1,J) Transverse sections through the trunk of 6-
somite embryos. (K,L) Lateral views, with anterior to the left. (M,N) Transverse

sections of 24hpf embryos at the level of somites 10-15.
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Figure 2.2: Expansion of the tailbud in Fstl1/2 morphant embryos.

Expression of the tailoud markers spt (A-D), bmp4 (E-H), PSMAD1/5/8 (I-L), evel (M-
P), and the posterior axial marker admp (Q-T) in 6-somite embryos. (U) Levels of
PSMAD1/5/8, but not PSMAD?2, are increased in Fstl1/2 morphants beginning at late
gastrulation. All views except (E-L) are dorsal views, with anterior to the top. (E-L) are
lateral views, with anterior to the left. Brackets illustrate the expression domain observed

in control embryos.
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Figure 2.2
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Figure 2.3: Phenotype of translation-blocking fstl1/2 morpholinos.
The size of the notochord and tailbud are increased in embryos injected with a single fstl
morpholino, and to a greater extent when fstl1/2 morpholinos are injected in combination.

Brackets illustrate the domain observed in control embryos.
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Figure 2.4: Bmp4 is required in the establishment of chordamesoderm during late
gastrulation.

(A,B,H,1,0,P,V,W) Morpholino knockdown of Fstl1/2 has no effect on the development
of axial structures prior to 70% epiboly. (C-F,J-M,Q-T,X-AA) At 90% epiboly,
alteration of BMP signaling reveals a requirement for BMP activity in patterning of
chordamesoderm. gsc (C-G) expression in prechordal plate, and flh (J-N), ntl (Q-U), and
admp (X-BB) expression in chordamesoderm. (A-G,0,P) Views are lateral, with ventral
to the left. Insets in (A-G) are dorsal views of the prechordal plate domain. Insets in
(O,P) are dorsal views of chordamesodermal domain. All other views are dorsal views,

with anterior to the top. Scale bar in (A) is for all panels.
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Figure 2.5: BMP attenuation in tBR embryos heat-shocked during late gastrulation.
Wild-type and tBR embryos were heat-shocked during late gastrulation and fixed at 30
minute intervals. Antibodies against PSMAD1/5/8 (red) labels cells responding to BMP

activity at the times and backgrounds indicated.
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Figure 2.6: Sizes of the notochord and chordoneural hinge (CNH) are influenced by
Bmp4 activity during late gastrulation.

(A-E) shha expression in 14-somite embryos. Insets are lateral views of the CNH. (K-O)
shha expression in sections through somites 5-10 of 18-somite embryos. Insets are
cropped images of the same section stained with DAPI. The mean number of DAPI-
stained cells from 10 experimental embryos was subjected to one-way ANOVA, followed
by a two-tailed, equal variance t-test. Asterisks denote significance (p<0.001). (U-Y) ntl
expression in 24hpf embryos. CNH domains are denoted with arrowheads, arrows point
to ectopic tail formation. (A-E) Dorsal views, with anterior to the left. (U-Y) Lateral

views, with anterior to the left.
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Figure 2.7: BMP activity establishes proliferation in axial mesoderm.

Longitudinal sections through the tailbud of 14-somite embryos exposed to PSMAD1/5/8
(red) and BrdU (green) antibodies reveal that axial cells undergoing proliferation are
responding to BMP activity. Cell proliferation is increased in axial tissue of Fstl1/2
morphants (B-B’’), and reduced in tBR embryos heat-shocked at 80% epiboly (C-C*’)
and Bmp4 morphants (E-E’’). Arrowheads denote the CNH. Anterior is to the left in all

views.
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Figure 2.8: The ventral margin as the source of Bmp4.

(A) Model of ventral margin extirpation. Approximately 100 cells were removed from
the ventral margin (red) of 80% epiboly embryos. All images shown are of embryos with
their ventral margins removed. (B-D) flh (B), ntl (C), and admp (D) expression in
embryos at 90% epiboly. (E-E’’) Antibodies against PSMAD1/5/8 (red) and BrdU
(green) in longitudinal sections of the tail of 14-somite embryos. (F) High magnification
view of notochord cells of 24hpf embryos at the level of the cloaca. (G,H) shha and ptcl

expression in 24hpf.
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Figure 2.9: The temporal state of the notochord changes with the alteration of BMP
activity.

The expression of chordamesoderm markers in embryos with reduced BMP activity is
strongly reduced, resembling older embryos. Fstl1/2 morphant embryos maintain
expression of these genes well past equivalently staged controls, resembling the
expression patterns observed in younger embryos. (A-D, U-W) ihhb expression in 9-
somite (A-D) or 18-somite (U-W) embryos. (E-L, X-CC) shha expression in 24 hpf (E-
L) and 36hpf (X-CC) embryos. (I-L, AA-CC) High magnification view of the trunk. (M-
P, DD-FF) ptcl expression in 24hpf (M-P) and 36hpf (DD-FF) embryos. (Q-T, GG-II)
col2ala expression in 36hpf (Q-T) and 48hpf (GG-11) embryos; arrows in (R-T) indicate
absence of floorplate expression; nc, notochord. All views are lateral, with anterior to the
left. Insets in (A-D) are flat-mount dorsal views. (Q-T, GG-I1I) are lateral views of the

trunk.
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Figure 2.10: Disruption of the temporal state of the notochord can be observed
through notochord cell morphology.

(A,C,D) 24hpf control embryos, notochord cells differentiate in an anterior to posterior
manner. High magnification view of notochord cells at the level of the hind yolk
extension (C) and at the level of the cloaca (D). (B,E,F) 24hpf Fstl1/2 morphants. High
magnification view of notochord cells at the level of the hind yolk extension (E) and at
the level of the cloaca (F). (G-L) 24hpf tBR embryos heat-shocked at 80% epiboly
(G,H) and Bmp4 morphants (1,J). (K-N) Application of cell cycle inhibitors in wild-type
(K,L) and Fstl1/2 morphants (M,N). (O) Cell transplantation procedure. See text for
details. (P,Q) Wild-type donor cells (green) populating the notochord of tBR embryos do
not enlarge and vacuolate prematurely (Q). (R,S) tBR donor cells (green) consistently
fail to populate the notochord of wild-type hosts; instead they contribute to tissues in
paraxial mesoderm. All views except (R) are lateral views of 24hpf embryos with anterior

to the left. (R) is a dorsal view, with anterior to the left.
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Figure 2.11: BrdU incorporation of embryos treated with the cell cycle inhibitors
hydroxyurea and aphidicolin.

Embryos were treated from 80% epiboly to bud stage, then inhibitors were removed by
washing. (A,B) BrdU incorporation of DMSO- (A) and hydroxyurea/aphidicolin-treated
(B) bud stage embryos. (C-C’’) Antibodies against PSMAD1/5/8 (red) and BrdU (green)
in longitudinal sections of the tail of 14-somite hydroxyurea/aphidicolin treated embryos.
(D,E) BrdU incorporation of DMSO- (D) and hydroxyurea/aphidicolin-treated (E) 24hpf

embryos.
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Figure 2.12: A requirement for Bmp4 on the dorsal side of the gastrula.

(A) Bead implantation on the dorsal side of the gastrula. (B,C) gsc and flh expression in
90% epiboly embryos that have had BSA- (B) or Bmp4- (C) soaked beads implanted into
axial tissue (C). (D,F) The notochord of 24 hpf embryos implanted with BSA- (D) or
Bmp4- (F) soaked beads. (E) tBR embryos implanted with Bmp4-soaked beads and heat-
shocked at 80% epiboly. (G-1) High magnification images of the notochord in (D-F).
(J,K) ntl expression in 27hpf embryos implanted with BSA- (J) or Bmp4- (K) soaked
beads. (L-N) High magnification images of the notochord at the level of the hind yolk
extension of 48hpf embryos that were implanted with BSA- (L) or Bmp4- (M,N) soaked
beads. Floor plate is out of the focal plane in (N). (B,C) Views are dorsal views, with
anterior to the top. Bars in (B,C) denote the width of chordamesodermal domain at its
widest point in the control embryo in (B). All other views are lateral views, with anterior

to the left.
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Figure 2.13: Bmp2/7 do not affect notochord morphology.

(A,B) gsc and flh expression in 90% epiboly embryos that have had BSA- (A) or
Bmp2/7- (B) soaked beads implanted into axial tissue. (C,D) The notochord of 24 hpf
embryos implanted with BSA- (C) or Bmp2/7- (D) soaked beads. Beads are located
anterior to the region shown in (D). (E,F) ntl expression in 27hpf embryos implanted
with BSA- (E) or Bmp2/7- (F) soaked beads. (G,H) High magnification images of the
notochord at the level of the hind yolk extension of 48hpf embryos that were implanted
with BSA- (G) or Bmp2/7- (H) soaked beads. fp, floorplate (A,B) Views are dorsal
views, with anterior to the top. Bars in (A,B) denote the width of chordamesodermal
domain at its widest point in the control embryo in (A). All other views are lateral views,

with anterior to the left.
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Figure 2.14: Myotome patterning as a proxy of notochord maturity.

(A-C) myoD expression in 9-somite embryos is increased in adaxial and medial fast
muscle cells of Fstl1/2 morphants (B), and is reduced in the medial fast muscle domain of
tBR embryos heat-shocked at 80% epiboly (C). (D-F) Immunostaining against MyoD
and F-actin reveals an increase in MyoD positive cells of the medial fast muscle domain
of Fstl1/2 morphants (E), and a decrease in MyoD positive cells in tBR embryos (F).
Images are of the anterior-most three somites. The mean number of MyoD-stained cells
from 5 experimental embryos was subjected to one-way ANOVA, followed by a two-
tailed, equal variance t-test. Asterisks denote significance (p<0.001). (G-1)
Immunostaining with the F59 antibody, which recognizes mainly slow muscle, reveals
that the horizontal myoseptum is increased in 24hpf Fstl1/2 morphant embryos (H).
Muscle fibers are disorganized in tBR embryos (1). (J-L) Immunostaining with
antibodies against 4D9, which labels Engrailed positive cells (red), and Prox1, which
labels slow muscle cells (green), reveal an increase in medial fast muscle (red) and slow
muscle pioneers (yellow) in 24hpf Fstl1/2 morphants (K), and a reduction of Engrailed
positive cells in tBR embryos (L). (M-O) Sections through the trunk level of 24hpf
embryos confirm the results in (J-L). Antibodies against PSMAD1/5/8 (red) and
Engrailed (green) reveal an increase in PSMAD1/5/8-positive chondrocytes as well as
medial fast muscle fibers and slow muscle pioneers (green) in Fstl1/2 morphants (N).
Chondrocytes do not form in tBR embryos, and the domain of medial fast muscle fibers

and slow muscle precursors is reduced (O).
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CHAPTER 3

dix3b/4b are required for the formation of the
preplacodal region and otic placode through local
modulation of BMP activity

(Esterberg and Fritz, Developmental Biology, in press)



95

Abstract

The vertebrate inner ear arises from the otic placode, a transient thickening of
ectodermal epithelium adjacent to neural crest domains in the presumptive head. During
late gastrulation, cells fated to comprise the inner ear are part of a domain in cranial
ectoderm that contain precursors of all sensory placodes, termed the preplacodal region
(PPR). The combination of low levels of BMP activity coupled with high levels of FGF
signaling are required to establish the PPR through induction of members of the
six/eya/dach, iro, and dIx families of transcription factors. The zebrafish dIx3b/4b
transcription factors are expressed at the neural plate border where they play partially
redundant roles in the specification of the PPR, otic and olfactory placodes. We
demonstrate that dix3b/4b assist in establishing the PPR through the transcriptional
regulation of the BMP antagonist cv2. Morpholino-mediated knockdown of DIx3b/4b
results in loss of cv2 expression in the PPR and a transient increase in Bmp4 activity that
lasts throughout early somitogenesis. Through the cv2-mediated inhibition of BMP
activity, dIx3b/4b create an environment where FGF activity is favorable for PPR and otic
marker expression. Our results provide insight into the mechanisms of PPR specification

as well as the role of dIx3b/4b function in PPR and otic placode induction.
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The interface between neural and non-neural ectoderm gives rise to several cell
types, including neural crest, paired placodes and, in anamniotes, Rohon-Beard sensory
neurons (Baker and Bronner-Fraser, 1997; Gans and Northcutt, 1983; Holland and
Holland, 2001; Meulemans and Bronner-Fraser, 2004; Northcutt and Gans, 1983;
Schlosser, 2006). The paired placodes, transient thickenings of ectodermal epithelium,
arise lateral and adjacent to neural crest and Rohon-Beard domains in the presumptive
head. During late gastrulation and early segmentation stages, placodal cells comprise a
domain of cranial ectoderm that contains precursors of all sensory placodes (termed the
preplacodal region, or PPR) (reviewed in Bailey and Streit, 2006; Ohyama et al., 2007,
Riley, 2003; Schlosser, 2006). Evidence from studies in Xenopus, zebrafish, and chick
suggest that the convergence of multiple activities of signaling molecules are required for
the establishment of the PPR. A balance of FGF activity and antagonism of both BMP
and WNT signaling are required to induce expression of members of the Eyes absent
(Eya)/Sine oculis (Six)/Dachshund (Dach), Iroquois (Iro), and Distalless (DIx) families of
transcription factors during late gastrulation, which are the earliest markers of PPR fate
(Ahrens and Schlosser, 2005; Brugmann et al., 2004; Glavic et al., 2004; Litsiou et al.,
2005; Nguyen et al., 1998). In particular, modulation of BMP activity at the neural plate
border is instrumental in the establishment of the PPR and also patterns adjacent Rohon-
Beard and neural crest domains (Nguyen et al., 1998; Nguyen et al., 2000; Rossi et al.,
2008; Tribulo et al., 2003).

In Xenopus and zebrafish, a BMP gradient model has been proposed in which
BMP activity is high in ventral/lateral regions and progressively lower in more

dorsal/medial regions during gastrulation. High levels of BMP activity are required to
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induce epidermis, low levels are required to specify neural plate, and intermediate levels
are required to specify neural crest and Rohon-Beard domains (Aybar and Mayor, 2002;
Nguyen et al., 1998; Nguyen et al., 2000; Tribulo et al., 2003). Although the PPR lies
lateral to the domain of neural crest, evidence from Xenopus, zebrafish and chick
suggests that BMP activity must be lower in the PPR than in adjacent neural crest and
epidermal territories (Ahrens and Schlosser, 2005; Glavic et al., 2004; Litsiou et al.,
2005). For example, implantation of Bmp4-containing beads near the PPR is sufficient to
inhibit expression of the PPR marker Six1 (Ahrens and Schlosser, 2005). Thus, it appears
that establishment of the PPR requires lower levels of BMP activity than that required for
neural crest and Rohon-Beard formation, contradictory to a simple gradient model.

While it is apparent that attenuation of BMP activity is critical in establishing the
PPR, it is not yet clear how this attenuation is achieved. Tissue grafting experiments
have revealed that potential BMP antagonists originate from tissues other than the PPR.
Grafting of chicken head mesoderm onto extraembryonic ectoderm yields host tissue
with PPR characteristics (Litsiou et al., 2005). Likewise, transplantation of neural
ectoderm into domains of ventral ectoderm yields similar results in Xenopus,
demonstrating the role these tissues have in creating an environment suitable for the
formation of the PPR (Ahrens and Schlosser, 2005). However, the BMP antagonists
involved in this process remain unidentified.

Members of the DIx family of transcription factors are thought to play intrinsic
roles in the formation of the PPR, although the mechanisms by which they do so are
unclear. DIx genes are required but not always sufficient for the expression of PPR

markers from the Eya/Six/Dach families. For example, ectopic expression of Six1 in
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Xenopus and chick can only be achieved in the presence of functional DIx3 and DIX5,
respectively (Woda et al., 2003). In zebrafish, dIx3b/4b are initially expressed along the
entire neural plate border, which includes the PPR, at the end of gastrulation. Expression
becomes restricted to the otic and olfactory placodes during somitogenesis (Ekker et al.,
1992; Feledy et al., 1999; Pera et al., 1999). Only rudimentary otic and olfactory
placodes form when dIx3b/4b function is lost, and the resulting size of these sensory
organs is significantly reduced (reviewed in Ohyama et al., 2007; reviewed in Riley,
2003). Induction of early otic and olfactory markers, such as pax2a and eyal, is severely
compromised, suggesting that dix3b/4b function early in the process of otic and olfactory
induction. Thus, it has been suggested that DIx genes may act as competence factors for
placode induction (Hans et al., 2007; Hans et al., 2004).

In amniotes, DIx5 and DIx6 are expressed in a similar pattern to dIx3b/4b in
zebrafish (Acampora et al., 1999; Yang et al., 1998). However, inactivation of DIX5/6 in
mouse does not appear to affect induction of the otic or olfactory placodes, but rather
their subsequent development (Merlo et al., 2002; Robledo and Lufkin, 2006; Robledo et
al., 2002). The reason for the discrepancy in phenotypes between zebrafish and mouse
embryos lacking these DIx paralogues is currently unclear.

To better understand the role of dIx3b/4b during the establishment of the PPR and
otic placodes, we examined signaling activities involved in PPR and otic placode
induction. We have identified that a BMP signaling modulator, Cv2, is critical for the
formation of the PPR. The predominant function of this protein is as a BMP antagonist,
although its proteolytic cleavage may allow Cv2 to act as an agonist of BMP activity

(Rentzsch et al., 2006; Zhang et al., 2007; Zhang et al., 2008). We show that cv2 lies
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transcriptionally downstream of dix3b/4b, and that the full-length protein is required to
modulate BMP activity to levels conducive for PPR formation. Morpholino-mediated
knockdown of DIx3b/4b results in loss of cv2 expression in the PPR and a transient
increase in Bmp4 activity that is first observed at the end of gastrulation. This is
followed by a transient decrease in FGF activity that can be rescued when cv2 or fgf-
receptor 1 (fgfrl) mRNA is supplied in DIx3b/4b morphants. Ectopic expression of
either dIx3b or cv2 is sufficient to drive PPR marker expression. Conversely, loss of cv2
has similar effects on PPR development as loss of dIx3b/4b, indicating that a significant
aspect of dIx3b/4b function at the end of gastrulation is mediated through cv2. Our
results suggest a model in which dIx3b/4b-mediated modulation of BMP signaling
through cv2 lies upstream of Six/Eya/Dach genes and FGF responsiveness in the
specification of the PPR and induction of the otic placode. Furthermore, our findings
provide a possible explanation for the difference in function of the DIx genes between

mouse and zebrafish.

Materials and Methods

Animals

Wild-type (AB) mutant zebrafish were obtained from the Zebrafish International
Resource Center (Eugene, OR). Embryos were maintained at 28.5°C and staged using
standard criteria (Kimmel et al., 1995). Tg(hsp70l:dnBmpr-GFP)"*° (tBR) transgenic
zebrafish were obtained from the Kimelman lab (University of Washington, Seattle).

This transgenic line contains a truncated Type | Bmp receptor containing GFP in place of
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the kinase domain under the control of a heat-shock promoter (Pyati et al., 2005). tBR
embryos were heat shocked at 37°C for one hour at bud stage according to Pyati et al.
(2005). They were then sorted according to GFP expression and raised at 28.5°C until
fixation. Where appropriate, wild-type or control morpholino-injected embryos were

heat-shocked at the same stage as controls.

In situ hybridization

The following probes were used: bmp4 (Nikaido et al., 1997), chordin (Miller-
Bertoglio et al., 1997), cv2 (Rentzsch et al., 2006), dIx3b (Ekker et al., 1992), erm (Raible
and Brand, 2001), eyal (Sahly et al., 1999), fgfrl (Scholpp et al., 2004), fgfr2 (Poss et al.,
2000), fgfr3 (Sleptsova-Friedrich et al., 2001), fgfr4 (Thisse et al., 1995), pax2a (Krauss
et al., 1991a), six4.1 (Kobayashi et al., 2000), spry4 (Furthauer et al., 2001), and tbx2b

(Dheen et al., 1999).

Real-time quantitative RT-PCR

RNA was isolated from three sets of 20 embryos of each experimental sample
using the RNeasy kit (Qiagen). The SYBR Green | (Roche Applied Science) RNA
amplification kit was used on the LightCycler according to the manufacturer’s
instructions and published protocols (Rajeevan et al., 2001). The primers used for each
of the genes were: bmp4 5’- AGCCAACACCGTGAGAGGATTC -3’ and 5’-
TCTGCGGTGGATATGAGTTCGTC -3’; fgfrl 5’- GCGGCTCCCCAATGCTCTCAG -
3’ and 5’- ATCGCCTCGGCCATCATCACC -3’; fgfr2 5’-

CACATCAACGGCGGCATAAAAACAT -3’ and 5’-
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TCGGGATCTGATTGGGAAGTAAC -3’; fgfr3 5’-
GTGGCGGGAGTCGGGGATACAG -3’ and 5’- ATTGATGATGCGGAGGGCTTTCT
-3%; fgfrd 5’- CAATCAGGGTCATAAGGCAGTTCA -3’ and 5°-
GCAGCGCCAGAGGGAACGAAC -3’; efla 5’- GTACTACTCTTCTTATGCCC -3’
and 5’- GTACAGTTCCAATACCTCCA -3’. The different samples were standardized
using EF-1a transcript levels as a reference. Each experimental run was also performed
in triplicate. Transcript levels were compared by one-way ANOVA, followed by a two-

tailed, equal variance t-test.

Morpholino injection

Morpholino injections against bmp4 (Chocron et al., 2007), chordin (Nasevicius
and Ekker, 2000), cv2 (mol sequence was used; Rentzsch et al., 2006) and dIx3b/4b
(Solomon and Fritz, 2002) have been previously characterized. The control morpholino
sequence was 5’-CCTCTTACCTCAGTTACAATTTATA -3’. For interaction analyses,
chd mo concentration was chosen that elicited a V1 ventralization phenotype,
approximately 2.5ng (Kishimoto et al., 1997; Mullins et al., 1996). dIx3b/4b mo

concentration was chosen that elicited a mild otic phenotype, approximately 5ng each.

MRNA synthesis
Capped mRNAs were transcribed using T7 and SP6 RNA polymerase in vitro
transcription kits (INMESSAGE mMACHINE; Ambion). fgfrl cDNA was amplified

using the following primers: 5’- TTTGATAATAATAATGAAGATGATGATGATAAT

-3’ and 5’- ATGACGGATGTATTTGAGTTTTGAGA-3’. It was then cloned into
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pCRII-TOPO, digested with Spel and Xhol and ligated into pCS2+ digested with Xbal
and Xhol. The vector was linearized with Apal and mRNA was synthesized using SP6
polymerase. For rescue of the DIx3b/4b morphant phenotype, approximately 15pg
MRNA was co-injected into one- and two-cell embryos with dix3b/4b MOs. bmp2b,
bmp4, dix3b, cv2, and cv2-N mRNA were synthesized and injected as previously
described (Kishimoto et al., 1997; Rentzsch et al., 2006; Solomon and Fritz, 2002; Szeto

and Kimelman, 2004).

Antibody staining

Labeling with PSMAD1/5/8 was as previously described (Rentzsch et al., 2006).
The primary antibody was used at a dilution of 1:100 (anti-P SMAD1/5/8; Chemicon
International). Secondary antibody was Alexa Fluor 594 goat anti-rabbit 1gG at 1:500

(Molecular Probes).

Results

dIx3b/4b transiently regulate BMP activity

In Xenopus and chick, ectopic expression of BMP antagonists can induce ectopic
PPR marker expression, while exposure to increased amounts of Bmp4 can ablate ectopic
expression and reduce endogenous expression of the PPR markers Six1/4 and Eya2
(Ahrens and Schlosser, 2005; Brugmann et al., 2004; Litsiou et al., 2005). Furthermore,
Xenopus DIx3 and chick DIx5 are both necessary and sufficient for Six1 expression
(McLarren et al., 2003; Woda et al., 2003), suggesting that DIx genes lie upstream of

Eya/Six/Dach members in the establishment of the PPR. Because of the inhibitory role of
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Bmp4 in PPR marker expression, we examined BMP activity in DIx3b/4b morphants.
Although we did not observe changes in bmp4 expression prior to late gastrulation, the
domain of bmp4 expression in prechordal mesoderm and tailbud was expanded in
DIx3b/4b morphants beginning at bud stage (Figure 3.1C,D). By mid-somitogenesis
expression levels returned to those seen in embryos injected with control morpholino
(Figure 3.1G,H). To quantify this increase in Bmp4 activity, we performed quantitative
RT-PCR on mRNA extracted from bud stage DIx3b/4b morphants. bmp4 transcripts
were detected to be elevated by approximately 40% in bud stage DIx3b/4b morphants
(p<0.005; Figure 3.2). We also examined the expression of bmp2b, which is expressed
in a pattern similar to bmp4 at the end of gastrulation, and which has been shown to be
misregulated in dIx3b/4b morphant embryos (Kaji and Artinger, 2004). Consistent with
previous observations (Kaji and Artinger, 2004), bmp2b transcript levels were reduced by
approximately 15% in DIx3b/4b morphants (data not shown).

To determine the effects of bmp4 misregulation in DIx3b/4b morphants, we
labeled embryos with antibodies against phosphorylated (P)SMAD1/5/8, which is
activated in response to BMP signaling (Yamamoto and Oelgeschlager, 2004). We
observed an increase in PSMAD1/5/8 localization in the anterior neural plate of DIx3b/4b
morphants (Figure 3.1E,F), indicating that these cells have received and are responding to
BMP signaling.

This transient misregulation of Bmp4 activity results in morphological
dorsoventral (DV) patterning defects; DIx3b/4b morphants exhibit an increase in
intermediate cell mass of the tail similar to the mildest class of ventralization mutants

(Figure 2B; Kishimoto et al., 1997; Mullins et al., 1996). Because the ventralization



104

phenotype of DIx3b/4b morphants is mild, we wished to demonstrate that loss of
DIx3b/4b can increase the severity of ventralization in a sensitized background. We
determined an amount of chordin (chd) morpholino that was sufficient to phenocopy the
V1 ventralization phenotype and injected it in combination with dIx3b/4b morpholinos.
In Chd/DIx3b/4b triple morphants, the ventralization phenotype was compounded such
that embryos resembled the V2 class of ventralization mutants, with a greater expanse in
the tail than seen in Chd or DIx3b/4b morphants alone (Figure 3.3B-D).

To further confirm that BMP activity is increased in DIx3b/4b morphants we
examined chd expression. BMP antagonists expressed on the dorsal side of the embryo,
such as chd, are negatively regulated by BMP signaling (reviewed in Kimelman and
Szeto, 2006; Yamamoto and Oelgeschlager, 2004). chd expression was reduced in the
anterior neural plate and paraxial mesoderm of bud stage and 6-somite DIx3b/4b

morphants (Figure 3.4B,F,J), consistent with observed elevated BMP levels.

dIx3b/4b mediate BMP signaling through cv2

Cv2 plays a role throughout embryogenesis predominantly as an antagonist of
Bmp4 (Ambrosio et al., 2008; Rentzsch et al., 2006; Serpe et al., 2008; Zhang et al.,
2008). During late gastrulation, cv2 is expressed in a pattern around the neural plate
(Figure 3C-F; Rentzsch et al., 2006) resembling that of dix3b/4b. Our analysis suggests
that this pattern of expression spatially overlaps with dIx3b in preplacodal ectoderm
(Figure 3.5A,B), rather than being localized to the underlying mesendoderm as initially
suggested (Rentzsch et al., 2006). Following early somitogenesis, cv2 and dIx3b/4b are

expressed in the otic placode and pharyngeal arches, raising the possibility that cv2 lies
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transcriptionally downstream of DIx3b/4b (Figure 3G-J; Ekker et al., 1992; Rentzsch et
al., 2006). Morpholino-mediated knockdown of DIx3b/4b resulted in a loss of cv2
expression from the PPR during late gastrulation, as well as in the otic placodes and
pharyngeal arches during somitogenesis (Figure 3.5E-J). Importantly, cv2 expression
was not lost from ventral tissues before the onset of dIx3b/4b expression or tail mesoderm
during somitogenesis, where its expression does not overlap with dIx3b/4b (data not
shown; Figure 3C,D,G,H; Rentzsch et al., 2006).

Because loss of DIx3b/4b increases BMP activity, we wished to determine the
effects of overexpressing dIx3b. To do so, we injected dIx3b mRNA into one- and two-
cell embryos. bmp4 expression and PSMAD1/5/8 staining were reduced in embryos
ectopically expressing dIx3b mRNA (Figure 3.6A-D). We also observed expansion of
the hindbrain marker krox20 in these embryos (Figure 3.6E,F), consistent with a
dorsalization phenotype (Kishimoto et al., 1997; Mullins et al., 1996).

Because cv2 expression is lost from dIx3b/4b-expressing tissues in DIx3b/4b
morphants, we wished to explore whether elevated BMP activity observed in these
morphants was due to cv2. To demonstrate that dIx3b activates cv2 expression cell-
autonomously, the dIx3b ORF was cloned into pCS2+ and injected into 1-cell embryos.
Typically, injection of plasmid DNA leads to mosaic distribution of the DNA in later
stage embryos. In these embryos, cv2 was co-expressed in the same cells ectopically
expressing dix3b (Figure 3.6G,H).

Furthermore, embryos ectopically expressing dIx3b or cv2 mRNA were
moderately (59%; 67/113 and 34; 49/146, respectively) or severely (41%; 46/113 and

24%; 35/146, respectively) dorsalized (Figure 3.61-K,M,N), resembling C3 and C4
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classes of dorsalization, respectively (Kishimoto et al., 1997; Mullins et al., 1996).
Knockdown of Cv2 was able to rescue the dorsalization phenotype seen in embryos
ectopically expressing dIx3b mRNA (Figure 3.6L).

Similarly, chd expression in embryos ectopically expressing a dominant negative
form of cv2 mRNA (cv2-N; Rentzsch et al., 2006) resembled that of DIx3b/4b morphants
(Figure 3.4D,H,L). Co-injection of cv2 mRNA with dix3b/4b morpholinos was sufficient
to rescue chd expression (Figure 3.4C,G,K), demonstrating that the modulation of BMP

activity by dix3b/4b depends at least in part on cv2.

dix3b/4b-mediated expression of cv2 is necessary for PPR marker expression

Because we observed an increase in BMP activity and a loss of cv2 expression
from the PPR of DIx3b/4b morphants, we wished to determine how disruption of
DIx3b/4b or Cv2 affects PPR formation. BMP activity, particularly Bmp4, inhibits the
expression of PPR markers from the Six/Eya/Dach transcriptional network (reviewed in
Bailey and Streit, 2006; Brugmann and Moody, 2005; Schlosser, 2006). Expression of
the PPR markers eyal and six4.1 is lost from the PPR of bud stage DIx3b/4b and Cv2
morphant embryos (Figure 3.7A-C,F-H,). PPR marker expression was restored either
when Bmp4 was knocked down or when cv2 mRNA was ectopically expressed in
DIx3b/4b morphants (Figure 3.7D,E,l,J). Although the width of the PPR was not
significantly altered in these embryos, we did observe ectopic expression of both eyal
and six4.1 within the neural plate.

Studies in Xenopus have demonstrated that DIx3 is required to position the PPR.

Inhibition of endogenous DIx activity expands the neural plate at the expense of the PPR
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(Woda et al., 2003). To determine whether dIx3b was sufficient to induce ectopic PPR
marker expression, we injected the pcs2::dIx3b DNA construct into one-cell embryos.
Under these conditions ectopic dix3b was sufficient to induce ectopic expression of both
eyal and six4.1 (Figure 3.7K, data not shown). Because we were able to rescue the PPR
phenotype of DIx3b/4b morphants by supplying cv2 mRNA, we wished to determine the
effects of ectopic cv2 on PPR formation, independent of dIx3b. Injection of pcs2::cv2
was sufficient to drive ectopic eyal or six4.1 expression (Figure 3.7L, data not shown).
Ectopic PPR marker expression was not observed when pcs2::dIx3b was co-injected with
cv2 morpholino (data not shown), suggesting that the PPR inducing properties of dIx3b
require cv2.

A small number of cells that expressed either ectopic dIx3b or cv2 did not co-
express eyal or six4.1. Although full length Cv2 acts as a BMP antagonist, it is subject
to proteolytic cleavage that renders it an agonist of BMP activity (Rentzsch et al., 2006;
Zhang et al., 2008). We reasoned that the processing of Cv2 into a BMP agonist was
responsible for the cells not expressing ectopic eyal or six4.1. As such, we injected a
DNA construct containing an uncleavable form of the cv2 ORF, in which the cleavage
site of Cv2 is mutated (cv2-CM; Rentzsch et al., 2006), into one-cell embryos and
assayed ectopic PPR marker expression (Rentzsch et al., 2006). In these embryos, all
cells ectopically expressing cv2-CM co-expressed eyal and six4.1 (Figure 3.7M, data not
shown). These results suggest that DIx3b/4b establish the PPR through transcriptional
regulation of cv2. Furthermore, induction of PPR marker expression requires low levels
of BMP activity, particularly Bmp4. This is mediated through the uncleaved form of

Cv2, suggesting that in this context cv2 acts as a BMP antagonist.
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Cv2 antagonism of BMP activity promotes FGF activity

Establishment of the PPR requires not only the attenuation of BMP activity but
FGF activity as well (Ahrens and Schlosser, 2005; Bailey and Streit, 2006; Brugmann
and Moody, 2005; Litsiou et al., 2005; Schlosser, 2006). Since ectopic expression of
either dIx3b or cv2 induced expression of both eyal and six4.1, we wished to examine the
effects of dIx3b and cv2 on FGF activity. The expression of genes induced by FGF
activity, including erm and spry4 (Furthauer et al., 2001; Raible and Brand, 2001), was
observed in cells ectopically expressing dIx3b or cv2 (Figure 3.8A,B,D,E). Ectopic fgf
receptorl (fgfrl) expression was also detected in cells ectopically expressing dIx3b or cv2
(Figure 3.8C,E). As with PPR marker expression, some cells expressing ectopic cv2 did
not express markers indicative of FGF responsiveness. We were able to drive all cells
expressing the uncleavable form of cv2 to express markers indicative of FGF competence
(Figure 3.8G-I).

In addition to the role of FGF signaling in PPR formation, numerous studies have
established that Fgf3/8 signaling from the mesendoderm and hindbrain are required for
otic placode induction in zebrafish (Leger and Brand, 2002; Liu et al., 2003; Riley, 2003;
Riley and Phillips, 2003; Solomon et al., 2004). The expression of these FGF ligands is
unaffected by loss of DIx3b/4b (Liu et al., 2003; Solomon et al., 2004). Nonetheless,
DIx3b/4b are required for the proper expression of the FGF target gene pax2a in otic
placode induction (Leger and Brand, 2002; Phillips et al., 2001). Because our results
suggested that DIx3b/4b and Cv2 may affect competence to respond to FGF activity, we
examined the expression of erm and the three fgf receptors (fgfrl1-3) expressed in the otic

placode (Poss et al., 2000; Scholpp et al., 2004; Sleptsova-Friedrich et al., 2001; Thisse et
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al., 1995). erm expression was lost from the hindbrain and otic placode of DIx3b/4b
morphants at the 6-somite stage (Figure 3.9A,B). We observed decreases in fgfrl-3
expression in the otic placode as well as in the hindbrain of DIx3b/4b morphants (Figure
3.9E,H,K). fgfrl transcript, which is localized in rhombomere 3 of the hindbrain, otic
placode, and MHB, was lost from both rhombomere 3 and the otic placodes of DIx3b/4b
morphants (Figure 3.9E). Similarly, fgfr2 expression was lost from rhombomeres 4 and 6
as well as the otic placode in DIx3b/4b morphants (Figure 3.9H). fgfr3 expression was
lost from the hindbrain and otic placode in DIx3b/4b morphants (Figure 3.9K).
Quantification of fgfr transcript levels in DIx3b/4b morphants revealed that transcripts
were reduced by approximately 30% compared to embryos injected with control
morpholinos (p<0.005; Figure 3.2). The decrease in fgfr expression in DIx3b/4b
morphants is transient; we did not observe a change in erm or fgfr expression until early
somitogenesis, after the increase in bmp4 expression (Figure 3.10). Like the increase in
bmp4 expression, erm and fgfr expression returned to levels comparable to controls by
mid-somitogenesis (Figure 3.11).

To determine whether the addition of cv2 could rescue the decrease in FGF
activity seen in DIx3b/4b morphants, we co-injected cv2 mRNA with dix3b/4b
morpholinos into one- and two-cell embryos. Ectopic cv2 expression was sufficient to
restore erm expression in the otic placode and hindbrain of DIx3b/4b morphants (Figure
3.9C). Likewise, fgfrl-3 expression returned to otic and hindbrain domains in DIx3b/4b
morphants (Figure 3.9F,I,L). Taken together, these results suggest that through their
regulation of the BMP antagonist cv2, DIx3b/4b indirectly promote competence to

respond to FGF signaling.
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Inhibition of BMP activity can rescue the otic phenotype of DIx3b/4b
morphants

Previous studies have shown that pax2a expression is delayed in the otic placode
of DIx3b/4b morphants until mid-somitogenesis stages (Liu et al., 2003; Solomon et al.,
2004), which corresponds with the transient reduction in fgfr expression we observe in
these morphants. As we observed rescue of erm expression when cv2 mRNA was co-
injected with dIx3b/4b morpholinos, we wished to determine if ectopic cv2 mRNA was
sufficient to rescue pax2a expression in DIx3b/4b morphants. While we observed
variability in the width of the midbrain-hindbrain boundary (MHB) and optic stalk of
Cv2 morphants consistent with mild DV patterning defects (Rentzsch et al., 2006), pax2a
expression was consistently absent from the otic placode (Figure 3.12B-D). Injection of
cv2 mRNA at levels that did not significantly affect DV patterning was sufficient to
rescue pax2a expression in the otic placode (Figure 3.12E).

Despite its inhibition of PPR induction, the role of BMP activity in otic placode
development has not been examined (reviewed in Ohyama et al., 2007; Riley, 2003). To
examine the effects of elevated BMP activity levels on otic development, we inactivated
DIx3b/4b and Chd in concert. In DIx3b/4b/Chd triple morphants the expression of eyal,
pax2a, and tbx2b was lost from the otic vesicle yet maintained in surrounding tissues
(Figure 3.3E-M). Therefore, we determined further how manipulation of Cv2 and BMP
activity affects otic development in a DIx3b/4b morphant background. DIx3b/4b
morphants develop an otic vesicle that is reduced in size and lacks otoliths (Figure
3.13A,B) (Liu et al., 2003; Solomon and Fritz, 2002). Although slightly larger, the otic

vesicle of Cv2 morphants resembled that of DIx3b/4b morphants (Figure 3.13C). The
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otic phenotype of Cv2/DIx3b/4b triple morphants was no more severe than DIx3b/4b
morphants (Figure 3.13D). Furthermore, the otic phenotype of DIx3b/4b morphants was
rescued when cv2 mRNA was co-injected with dIx3b/4b morpholinos (Figure 3.13E,F).

To demonstrate that the otic phenotype of DIx3b/4b morphants is due to the loss
of BMP antagonizing activity of Cv2, we took advantage of a transgenic zebrafish line
carrying a truncated form of a type | BMP receptor under the control of a heatshock
promoter (abbreviated tBR; Pyati et al., 2005). In order to attenuate BMP signaling over
the stages at which we observed increased BMP activity in DIx3b/4b morphants, we heat-
shocked tBR embryos at bud stage. Attenuating BMP activity in DIx3b/4b morphants
was sufficient to rescue the otic phenotype of DIx3b/4b morphants Figure 3.13G,H). A
similar rescue was observed when Bmp4 was knocked down in concert with DIx3b/4b
Figure 3.131,J). This suggests that elevated BMP activity inhibits otic placode induction,
and that a major role of DIx3b/4b is to modulate BMP activity levels in the otic placode,
primarily through regulation of cv2 expression.

Because we observed a depression of FGF activity in DIx3b/4b morphant
embryos, we tested whether the DIx3b/4b morphant phenotype could be rescued by
supplying fgfr mMRNA to DIx3b/4b morphants. To do so, we overexpressed fgfrl, the Fgf
receptor responsible for mediating Fgf8 signaling (Scholpp et al., 2004). Injection of
fgfrl mRNA was also able to partially rescue the DIx3b/4b morphant phenotype (81%;
104/129); the otic vesicle in these embryos was larger and contained one otolith (Figure
3.13K,L). Taken together, these results suggest that BMP activity in the otic placode
inhibits the ability of preotic cells to respond to FGF signaling, and that this inhibition

occurs at the level of fgfr expression.
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Discussion

Numerous studies have shown that placodal precursor cells are derived from a
molecularly and embryologically distinct domain, the PPR (Bhattacharyya et al., 2004;
David et al., 2001; Ekker et al., 1992; Kobayashi et al., 2000; Kozlowski et al., 1997;
Sahly et al., 1999; Streit, 2002; Whitlock and Westerfield, 2000). PPR formation is a
complex process that requires the interplay of several signaling pathways, notably high
levels of FGF and low levels of BMP activity (Ahrens and Schlosser, 2005; Brugmann et
al., 2004; Glavic et al., 2004; Litsiou et al., 2005). To understand the development of
sensory placodes, it is crucial to determine how the PPR is generated.

Members of the DIx gene family are expressed in the PPR, raising the possibility
that they mediate signaling events to levels conducive for further sensory placode
development. In zebrafish dIx3/4b are required for at least otic and olfactory placode
development, and in Xenopus DIx3 is required for the induction of Six1 in the PPR
(Solomon and Fritz, 2002; Woda et al., 2003), suggesting that DIx genes play a central
role in placodal competence (Hans et al., 2007; Hans et al., 2004). In this context, we
have reexamined the role of dIx3b/4b in both the establishment of the PPR and otic

placode induction.

Modulation of BMP activity by dIx3b/4b at the neural plate border
Here we show that dIx3b/4b are both necessary and sufficient for the expression
of cv2 in the PPR and developing otic placode. Loss of DIx3b/4b function leads to a

transient increase in Bmp4 activity at the end of gastrulation and early somite stages.
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Introduction of cv2 mRNA or inhibition of Bmp4 or total BMP activity can rescue the
PPR and otic phenotypes observed in DIx3b/4b morphants, demonstrating that DIx3b/4b
mediate BMP activity in the PPR. In the context of PPR specification and otic induction,
DIx3b/4b appear to act as permissive factors, allowing the expression of Eya/Six/Dach
gene members in the PPR and pax2a in the otic placode without any direct transcriptional
requirement.

In addition to their role in PPR formation, dIx3b/4b likely have other functions at
the neural plate border. Our analysis shows that increased BMP signaling is not limited
to dIx3b/4b-expressing cells as DIx3b/4b morphant embryos are mildly ventralized in the
tail region. Furthermore, studies by Artinger and colleagues have demonstrated that DIx-
expressing cells at the neural plate border in Xenopus and zebrafish affect neighboring
cells in the lateral neural plate domain (Kaji and Artinger, 2004; Woda et al., 2003). The
secretion of Cv2 from the PPR posits a likely mechanism of how DIx genes can
autonomously establish the PPR while exerting non-autonomous influence over the
adjacent neural crest/Rohon-Beard domain. Recent studies in Drosophila and Xenopus
have shown that Cv2 preferentially binds Bmp4 (and Dpp in Drosohpila), and that its
pro- or anti- BMP effects occur in a dose-dependent manner (Ambrosio et al., 2008;
Serpe et al., 2008), such that high Cv2 levels inhibit Bmp4 ligand-receptor interactions,
while low Cv2 levels stabilize them. Furthermore, due to interactions of Cv2 with
heparin sulfate proteoglycans, these activities occur over a very short distance from the
secreted cell (Rentzsch et al., 2006; Serpe et al., 2008), potentially explaining why
ectopic PPR marker expression is not observed at any distance from cv2-expressing cells.

This evidence supports our model in which high levels of Cv2 secreted by dIx3b/4b-
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expressing cells establishes the presumptive PPR by inhibiting Bmp4 signaling, and may
explain how Cv2 enhances the Bmp4 requirements in neural crest and Rohon-Beard cells
(Rossi et al., 2008). However, due to the recently revealed complexities that govern Cv2
function in BMP modulation (Ambrosio et al., 2008; Bier, 2008; Serpe et al., 2008;

Zhang et al., 2008), this latter point remains to be investigated.

Integration of BMP and FGF signaling in PPR and placode formation

In both Xenopus and chick, FGF activity is required but not sufficient for the
establishment of preplacodal territory (reviewed in Bailey and Streit, 2006; Schlosser,
2006). The combination of elevated levels of FGF activity and low levels of BMP
activity, however, does appear to be able to induce the full range of PPR markers. Six4,
which cannot be induced with ectopic Fgf8 activity alone, can be induced when BMP
activity is inhibited in the presence of ectopic Fgf8 (Litsiou et al., 2005). Similarly in
Xenopus, Fgf8 can induce Six1 expression only in the presence of the BMP antagonist
Noggin (Ahrens and Schlosser, 2005). Together, these studies show that induction of the
PPR requires a precise balance of high FGF activity and low BMP activity that is
normally found at the border of the neural plate.

Despite these studies, it has remained unclear why PPR formation or otic placode
induction require attenuation of BMP signaling. Although it is possible that BMP
signaling is detrimental to the formation of these tissues per se, our evidence suggests
that excessive BMP activity interferes with FGF signaling. Cells ectopically expressing
dIx3b or cv2 co-express markers indicative of PPR formation. Many of these cells also

express fgfrl and the FGF feedback regulators erm and spry4, demonstrating DIx3b/4b
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and Cv2 confer competence to respond to FGF signaling. This appears to be through the
BMP antagonizing activity of Cv2, as all cells ectopically expressing cv2-CM co-express
fgfrl, erm and spry4. BMP signaling has similar effects in otic placode induction, where
fgfrl-3 expression is reduced in the otic placode and hindbrain of DIx3b/4b morphants.
Interestingly, we were able to significantly rescue both the PPR (data not shown) and otic
vesicle defects seen in DIx3b/4b morphants by overexpressing fgfrl. fgfrl has previously
been shown to mediate Fgf8 signaling, a key component of otic placode induction (Leger
and Brand, 2002; Phillips et al., 2001; Riley, 2003; Scholpp et al., 2004).

Interactions between BMP and FGF signaling pathways have been previously
demonstrated. FGF signaling has been shown to interfere with BMP signaling by
phosphorylation of the linker region of SMAD1 (Pera et al., 2003). Conversely, in
murine limb bud development, BMP activity inhibits FGF signaling by downregulating
Fgf4 expression in the apical ectodermal ridge (Ganan et al., 1996; Pizette and
Niswander, 1999; Zuniga et al., 1999). Our data suggest that in the context of PPR and
otic placode induction, BMP activity leads to a downregulation of fgfr expression. This
effect may be mediated by BMP targets such as the vent/vox transcriptional repressors
(Imai et al., 2001; Melby et al., 2000; Shimizu et al., 2002); however, this remains to be
elucidated. Thus, we propose that the balance of FGF and BMP activities at the neural
plate border is established by in part by DIx3b/4b through the transcriptional regulation
of cv2. Our data suggest that Cv2 acts in its uncleaved, antagonistic form, and dix3/4b
acts to locally establish an environment of low BMP activity. Through the inhibition of
BMP activity, Cv2 establishes a region favorable for FGF activity. While it has been

suggested that BMP antagonists secreted from underlying mesendoderm act to regulate
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PPR fate (Litsiou et al., 2005), Cv2 is the first identified BMP antagonist expressed in the
PPR itself that is required for the establishment of this tissue.

Although low BMP activity levels are critical for PPR formation at the end of
gastrulation, the initial establishment of dIx3b/4b expression requires BMP signaling.
Fate-mapping studies have shown that cells that will become the PPR originate from
regions of the gastrula that are initially exposed to higher levels of BMP activity than
those cells that will give rise to neural plate (Kozlowski et al., 1997). These differences
in BMP exposure of presumptive PPR and neural ectoderm are reflected by expression of
DIx, Fox, and Msx family members within presumptive PPR (Feledy et al., 1999; Luo et
al., 2001; Matsuo-Takasaki et al., 2005; Nguyen et al., 1998; Pera et al., 1999; Phillips et
al., 2006; Suzuki et al., 1997). BMP signaling directly regulates murine DIx3 expression
through SMAD1 (Park and Morasso, 2002). Similarly, it has been demonstrated that
DIx3/5/6 expression around chick and Xenopus neural plate are increased in response to
elevated BMP activity levels (Feledy et al., 1999; Luo et al., 2001; Pera et al., 1999). In
zebrafish swirl (bmp2b), snailhouse (bmp7), or somitabun (smad5) mutants, dIx3b is not
expressed in the PPR or otic placode (data not shown; Nguyen et al., 1998). Thus,
formation of the PPR first requires BMP signaling during early gastrulation to establish a
domain of DIx expression, which subsequently antagonizes BMP activity to levels

favorable for induction of the PPR.

DIx and Cv2: evolutionary implications for PPR establishment
In chick and mouse, Cv2 is expressed in premigratory NC (Coffinier et al., 2002,;

Coles et al., 2004), a tissue that requires intermediate levels of BMP activity, while cv2
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expression in zebrafish overlaps with dIx3b in preplacodal ectoderm, a tissue that requires
low levels of BMP activity (reviewed in Aybar and Mayor, 2002; Bailey and Streit, 2006;
Schlosser, 2006). Furthermore, Cv2 appears to act as an agonist of BMP signaling in
chick NC development (Coles et al., 2004). Although Cv2 expression in chick has not
been determined at the relevant stages, it is difficult to reconcile the known Cv2
expression and function in chick with our results in PPR formation. In mouse, Cv2 does
not appear to be expressed in the PPR at the onset of somite stages (Coffinier et al.,
2002). While Cv2 expression needs to be more thoroughly examined in amniotes, it is
clear that Cv2 expression patterns have diverged between amniotes and zebrafish as there
IS no expression in zebrafish neural crest.

In amniotes, the DIxX5/6 genes are expressed in a similar manner to zebrafish
dIx3b/4b (Ekker et al., 1992; Pera et al., 1999; Yang et al., 1998). In chick, DIx5
misexpression leads to upregulation of Six4 (McLarren et al., 2003), consistent with our
observations in zebrafish. However, while the role of DIx5/6 in PPR formation has not
been examined in detail in chick or mouse, knock-out of mouse DIx5/6 does not appear to
affect the induction of the otic placode (Acampora et al., 1999; Merlo et al., 2002;
Robledo and Lufkin, 2006; Robledo et al., 2002). Instead, mutant mice develop later
defects in inner ear morphology. The role of the zebrafish dIx3b/4b genes in PPR
establishment appears to remain conserved between Xenopus and zebrafish. While the
Xenopus Cv2 gene has been identified, its expression has not yet been analyzed (Coles et
al., 2004; Moser et al., 2003). However, as discussed above, Xenopus DIx3 is required
for expression of PPR markers in transplantation experiments, and DIx3 in Xenopus

appears to have similar effects on the lateral neural plate as seen in zebrafish (Kaji and
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Artinger, 2004; Woda et al., 2003). Therefore, it is likely that at least in fish and
amphibians the role of these genes is similar.

Based on our analysis, we suggest that the discrepancy in the early role of the DIx
genes between mouse and zebrafish in PPR establishment and placode induction might be
due to differences in Cv2 expression. Thus, the DIx5/6 genes are unlikely to play a role
in modulation of BMP signaling and establishment of the PPR and seem to be principally
involved in later aspects of placode development. Importantly, even though the precise
molecular mechanism of PPR induction may show species specific differences, the
overall requirements for high levels of FGF activity and attenuated BMP activity appear
to be the same in chick, amphibians, and fish (Ahrens and Schlosser, 2005; Brugmann et
al., 2004; Glavic et al., 2004; Litsiou et al., 2005). Evidence from tissue culture in chick
supports a model whereby BMP antagonists secreted from mesoderm underlying the PPR
are required to position the PPR (Litsiou et al., 2005), although specific signaling
antagonists that act to position the PPR have not yet been identified in vivo in chick or
mouse. While our data do not exclude a role of the underlying mesendoderm in fish, we
show that a key component in the attenuation of BMP signaling, cv2, is indeed expressed

in the PPR itself.
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Figure 3.1: BMP activity is transiently increased during early somitogenesis in
DIx3b/4b morphants.

(A,B) bmp4 expression is unaffected in DIx3b/4b morphants prior to the onset of
dIx3b/4b expression in 70% epiboly embryos. (C,D) At bud stage, the domain of bmp4
expression is expanded in the prechordal plate and tailbud of DIx3b/4b morphants (D).
Insets depict the increase of the prechordal domain. (E,F) Antibodies against
PSMAD1/5/8 (red) reveal an increase in cells responding to BMP activity of DIx3b/4b
morphants (F). DAPI-stained nuclei are blue. Inset in (F) is a high magnification image
depicting PSMAD1/5/8 co-localization with DAPI-stained nuclei. (G,H) bmp4 expression
in DIx3b/4b morphants is comparable to controls at 18-somites. All views are lateral
views, with ventral to the left in (A,B), anterior to the left in (C-F), and anterior to the

bottom in (G,H). Insets in (C,D) are dorsal views, with anterior to the top.
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Figure 3.2: Levels of bmp4 and fgfrl/2/3/4 transcript are a function of dIx3b/4b
activity.

Real-time quantitative RT-PCR of bmp4 and fgfr1/2/3/4 transcript in DIx3b/4b morphants
as compared to embryos injected with a control morpholino. The mean transcript levels
of three experimental runs performed in triplicate were subjected to one-way ANOVA,

followed by a two-tailed, equal variance t-test. All means were significant (p<0.005).
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Figure 3.3: Depletion of Chd reveals anti-BMP function of DIx3b/4b.

(A-D) Intermediate cell mass of the tail is increased in DIx3b/4b morphants (B),
reminiscent of a ventralization phenotype. Injection of a low dose of chd-mo results in a
mild V1 ventralization phenotype (C). Knockdown of Chd and DIx3b/4b increases the
severity of ventralization (D). (E-M) Heightened BMP activity in Chd/DIx3b/4b triple
morphant embryos severely reduces otic expression of eyal (E-G), pax2a (H-J), and
tbx2b (K-M), while leaving expression in surrounding tissue intact. (A-D) are lateral

views and (E-M) are dorsal views, with anterior to the left. All embryos are 24hpf.
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Figure 3.4: chd expression is reduced in DIx3b/4b morphants, but can be rescued
when cv2 is ectopically expressed.

(A,B,E,F,1,J) chd expression is reduced in DIx3b/4b morphants (B,F,J). At bud stage,
chd expression is reduced in the anterior neural plate (B). At 6 somites, chd expression is
reduced in the paraxial mesoderm (F) as well as rhombomeres 3 and 5 (J). (C,G,K) chd
expression can be rescued when cv2 is ectopically expressed in DIx3b/4b morphants.
(D,H,L) Expression of the dominant negative form of cv2, cv2-N, causes a reduction of
chd expression similar to DIx3b/4b morphants. (A-D) Bud stage embryos. Dorsal views,
with anterior to the top. (E-L) 6 somite stage embryos. (E-H) Caudal views, with dorsal

to the top. (I-L) Lateral views, with anterior to the left.
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Figure 3.4
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Figure 3.5: cv2 expression is lost from the PPR, otic placode, and pharyngeal arches
in DIx3b/4b morphants.

(A,B) cv2 (purple) is co-expressed with dIx3b (red) in the ectoderm of the PPR.
Transverse sections were taken through the neural plate of 3-somite embryos. (C,D)
Prior to the onset of dIx3b/4b expression, cv2 expression is unaffected on the ventral side
of 60% epiboly embryos. (E,F) cv2 expression is lost from the PPR in DIx3b/4b
morphants (F). (G,H) cv2 expression is lost from the otic placode in 18 somite DIx3b/4b
morphants (H). (1,J) cv2 expression is lost from the otic vesicle and pharyngeal arches in
30hpf (hours post fertilization) embryos (J). ov, otic vesicle; pa, pharyngeal arches. All

views are lateral except (E,F), which are dorsal views.
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Figure 3.6: dIx3b overexpression dorsalizes the zebrafish embryo.

(A-D) Embryos ectopically expressing dix3b mRNA display molecular read-outs
consistent with reduced BMP activity. (A,B) bmp4 expression is reduced from the
prechordal plate and tailbud of embryos ectopically expressing dIx3b (B). (C,D)
Antibodies against PSMAD1/5/8 (red) reveal that BMP activity is reduced in embryos
ectopically expressing dIx3b mRNA (D). (E,F) Riboprobes against krox20 and pax2a
reveal a widening of the hindbrain in embryos ectopically expressing dIx3b mRNA (F).
(G,H) Ectopic dIx3b DNA (red) can induce ectopic cv2 expression (purple). (I-N)
Ectopic expression of dIx3b mRNA resembles the dorsalization seen in embryos
ectopically expressing cv2. Knockdown of Cv2 can rescue the dorsalization seen in 81%
(170/211) of embryos ectopically expressing dIx3b mRNA (L). (I-N) 30hpf embryos;
lateral views, with anterior to the left. Embryos were grouped into dorsalization
categories based on previous classifications (Kishimoto et al., 1997; Mullins et al., 1996).
(A-F) Bud stage embryos. Lateral views, with anterior to the left. (G,H) 80% epiboly

embryos; lateral views, with ventral to the left.
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Figure 3.6
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Figure 3.7: dIx3b/4b and cv2 are required for PPR marker expression.

(A-J) eyal (A-E) and six4.1 (F-J) expression are reduced in the PPR of DIx3b/4b (B,G)
and Cv2 (C,H) morphants, but can be rescued when Bmp4 is knocked down (D, 1) or
when cv2 mRNA is ectopically expressed (E,J). (K,L) Ectopic dIx3b or cv2 (red) can
induce ectopic eyal (purple). (M) All cells ectopically expressing the uncleavable form
of Cv2, cv2-CM (red), ectopically express eyal (purple). (A-J) Bud stage embryos;
dorsal views, with anterior to the top. (K-M) 80% epiboly embryos; lateral views, with

ventral to the left.
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Figure 3.8: Ectopic dIx3b or cv2 expression can induce ectopic FGF activity.

(A-C) Ectopic dIx3b expression (red) can induce ectopic expression of erm, spry4, and
fofrl (purple). (D-F) Ectopic cv2 expression (red) can induce ectopic expression of erm,
spry4, and fgfrl (purple). (G-1) All cells ectopically expressing the uncleavable form of
Cv2, cv2-CM (red), ectopically express erm, spry4, and fgfrl (purple). (A-1) 80% epiboly

embryos; lateral views.
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Figure 3.9: fgfr expression is lost from the otic placode and hindbrain of DIx3b/4b
morphants.

erm and fgfrl-3 expression are lost from the otic placode and hindbrain of DIx3b/4b
morphants (B,E,H,K). Brackets in (B,K) depict reduction of erm (B) and fgfr3 (K)
staining in the hindbrain. Arrows in (E,H) depict loss of fgfrl staining (E) from the otic
placode and loss of fgfr2 staining (H) from the hindbrain of DIx3b/4b morphants. erm
and fgfrl-3 expression can be restored to the otic placode and hindbrain when cv2 mRNA
is ectopically expressed in DIx3b/4b morphants (C,F,I,L). (A-P) 6 somite embryos; dorsal
view with anterior to the top. MHB, midbrain-hindbrain boundary; r1, rhombomere 1,
r2, rhombomere 2; r3, rhombomere 3; r4, rhombomere 4; r6, rhombomere 6; op, otic

placode.
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Figure 3.10: FGF activity is not compromised in DIx3b/4b morphant embryos prior
to the onset of somitogenesis.

Bud stage embryos stained with riboprobes against erm, fgfrl, fgfr2, fgfr3, or fgfr4 show
that expression is unchanged in DIx3b/4b morphant embryos (B,D,F,H,J) when compared
to controls (A,C,E,G,I). The arrow represents the otic placode. The arrowhead represents
the notochord. The asterisk marks a region bordering the neural plate anterior to the otic
placode. MHB, midbrain-hindbrain boundary; hb, hindbrain; r2, rhombomere 2; psm,

presomitic mesoderm. (A-J) Bud stage embryos; dorsal views with anterior to the top.
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Figure 3.11 The reduction of FGF activity in DIx3b/4b morphant embryos is
transient, and begins to return to control levels by mid-somitogenesis.

12-somite embryos stained with riboprobes against erm, fgfrl, fgfr2, fgfr3, or fgfr4 show
that expression is reduced in DIx3b/4b morphant embryos (B,D,F,H,J) when compared to
wild-type embryos (A,C,E,G,1). The asterisk marks the MHB. fb, forebrain; mb,
midbrain; hb, hindbrain; r1, rhombomere 1; r2, rhombomere 2; r4, rhombomere 4; r6,
rhombomere 6; som, somites; psm, presomitic mesoderm. (A-J) 12-somite embryos;

lateral views with anterior to the top.
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Figure 3.12: pax2a expression in the otic placode requires Cv2.

(A-E) pax2a expression is lost from the otic placode of DIx3b/4b (B) and in 69% (27/39)
of Cv2 (C,D) morphants. pax2a expression can be restored to the otic placode when cv2
MRNA is ectopically expressed in DIx3b/4b morphants (E). (A-E) 6-somite embryos;

dorsal view, with anterior to the top.
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Figure 3.13: Manipulation of PPR-inducing signals can rescue the otic phenotype of
DIx3b/4b morphants.

(B) DIx3b/4b morphants display a small, circular otic vesicle that lacks otoliths. (C,D)
The otic phenotype of Cv2 morphants resembles that of DIx3b/4b morphants (B), and is
not significantly affected by the additional loss of DIx3b/4b (D). (E,F) Ectopic
expression of cv2 mRNA can rescue the DIx3b/4b otic phenotype (F). (G-L) While heat
shock of tBR embryos (G), knockdown of Bmp4 (1), or ectopic fgfrl expression (K) does
not affect ear morphology, each is able to partially rescue the otic phenotype of DIx3b/4b

morphants (H,J,L). All embryos are 30hpf; lateral views, with anterior to the left.
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Figure 3.13
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CHAPTER 4

The role of fgf receptors in otic development

(Esterberg and Fritz, in preparation)
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Fibroblast growth factors (FGFs) are members of a large family of secreted
molecules that activate signal transduction pathways involved in a wide range of
biological processes. Database searches suggest that there are at least 26 members of the
FGF family present in zebrafish (Itoh and Ornitz, 2004; 1toh and Ornitz, 2008; Thisse and
Thisse, 2005). Similarly, 13, 23, and 22 FGF ligands have been identified in chick,
mouse, and human, respectively. FGF ligands initiate a signaling cascade within a cell
by first binding a transmembrane FGF receptor (FGFR), causing homodimerzation and
transautophophorylation within it cytoplasmic domain, and ultimately activating the
MAPK pathway in a Ras-specfic manner (Bottcher and Niehrs, 2005). These activating
phosphorylations permit nuclear translocation of transcriptional complexes, allowing the
transcription of target genes. Only four FGFRs have been identified in vertebrates that
are thought to mediate all aspects of FGF signaling (Itoh and Ornitz, 2004; Itoh and
Ornitz, 2008; Thisse and Thisse, 2005).

Evidence from Xenopus, zebrafish, chicken, and mouse strongly suggest that
FGFs are the main inducers in otic placode development (Leger and Brand, 2002;
Lombardo et al., 1998; Mansour et al., 1993; Maroon et al., 2002; Phillips et al., 2001,
Represa et al., 1991; Wright and Mansour, 2003). Support from experiments performed
in amphibian, zebrafish, and chick embryos suggest a two-signal model where FGF
signals from the head mesoderm as well as the hindbrain act together for proper otic
development. In all vertebrate species examined, Fgf3 signaling from the mesendoderm
and hindbrain is required as an otic inducer. Targeted disruption of Fgf3 in zebrafish,
chick, and mouse partially disrupt otic induction; loss of functional Fgf3 in zebrafish and

mouse results in embryos with otic vesicles that are reduced in size and abnormally
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patterned (Leger and Brand, 2002; Maroon et al., 2002; Phillips et al., 2001; Represa et
al., 1991; Wright and Mansour, 2003). Unlike Fgf3, the requirement for FGF signaling
from other family members varies among species. Zebrafish fgf8 expression overlaps
with fgf3 in the hindbrain, and acts redundantly with Fgf3 in otic placode induction
(Leger and Brand, 2002; Phillips et al., 2001; Reifers et al., 1998; Riley and Phillips,
2003; Whitfield et al., 2002). Loss of both Fgf3/8 ablates otic development. Conversely,
ectopic expression of fgf3 or fgf8 can induce ectopic otic vesicles. In chick, Fgfl9 has
been implicated to act redundantly with Fgf3 in otic induction (Ladher et al., 2000).
Blocking Fgf19 results in the formation of otic vesicles that are reduced in size. In
mouse, Fgfl10 is expressed in mesendoderm underlying pre-otic cells and plays a partially
redundant role with Fgf3 in otic placode induction (Wright et al., 2003; Wright and
Mansour, 2003). Although preotic cells are not exposed to Fgf8 in chick or mouse, it
does indirectly play a role in otic induction. In both species, Fgf8 is expressed in
endoderm subjacent to Fgf19 (in chick) and Fgf10 (in mouse) and is required for
initiating their subsequent expression (Ladher et al., 2005).

Studies in otic induction support a model in which there are temporal
requirements for FGF signaling (Martin and Groves, 2006; Riley and Phillips, 2003;
Whitfield et al., 2002). The earliest requirement for FGF signaling in otic placode
induction seems to be late gastrulation in the specification of otic cells from a domain of
common precursors termed the pre-placodal region (PPR). This initial phase of induction
is first observed through expression of the earliest otic marker, pax8 (Krauss et al.,
1991b). When gastrula stage embryos are treated with SU5402, a small molecule

inhibitor of FGF signaling, otic placode induction does not occur and pax8 is never
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expressed (Leger and Brand, 2002; Maroon et al., 2002). If, however, SU5402 is applied
after otic induction, expression of early otic markers is present, albeit expressed in
slightly fewer cells depending on the stage of treatment. Finally, if SU5402 is applied
over temporal windows following otic induction, otic markers disappear only to reappear
a short time after inhibitor removal. Patterning of the ear is abnormal in these embryos.
These results suggest that FGF signaling is required not only for otic induction, but
throughout development for proper otic patterning.

Using recently identified null alleles of fgf3 (lia; Herzog et al., 2004) and fgf8
(x15; B. Riley, personal communication), we have attempted to identify zebrafish ligand-
receptor relationships in vivo, particularly as their roles pertain to otic development. We
have also attempted to identify this relationship on a global level in the embryo. We
demonstrate that fgfrl/2/3 play a necessary role in ear development. Knockdown of
Fgfrl/3 phenocopies embryos null for fgf8. Knockdown of Fgfrl/3 in a x15-/- (fgf8)
background does not increase the severity of the otic phenotype, suggesting that Fgfrl/3
mediate Fgf8 signals. Likewise, knockdown of Fgfr2 produces an otic phenotype similar
to those seen in lia-/- (fgf3) embryos. Knockdown of Fgfr2 in a lia-/- background does
not increase the severity of the otic phenotype, suggesting that Fgfr2 mediate Fgf3
signals. Furthermore, knockdown of Fgfr2, but not Fgfrl/3, ablates pituitary and
epibranchial marker expression. Taken together, these results suggest a ligand-receptor

relationship between of Fgf8 with Fgfrl/3, and Fgf3 with Fgfr2.

Materials and Methods
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Animals
Wild-type (AB) zebrafish were obtained from the Zebrafish International Resource
Center (Eugene, OR). Embryos were maintained at 28.5°C and staged using standard
criteria (Westerfield, 1994). lia mutants were genotyped as previously described (Herzog
et al., 2004). x15 mutants were identified by the absence of a midbrain-hindbrain

boundary, the development of which requires functional Fgf8 (Reifers et al., 1998).

In situ hybridization
In situ labeling was performed as previously described with probes against dIx3b (Ellies
et al., 1997), fgfrl (Scholpp et al., 2004), fgfr2 (Tonou-Fujimori et al., 2002), fgfr3
(Sleptsova-Friedrich et al., 2001), fgfr4 (Thisse et al., 1995), neuroD (Korzh et al., 1998),

pax8 (Pfeffer et al., 1998), and pitl (Nica et al., 2004).

Morpholino injection
Morpholino injections were performed as described (Nasevicius and Ekker, 2000). fgfrl-
4 translation-blocking MOs were as follows: fgfrl 5°-
AAACCACAGCAATCCAAATGATCCA -3’; fgfr2 5°-
CCAGAAGCCACCCTCGGGCGAACAT -3’; fgfr3 5’-
CGACTGTCCTCACCACGGAGAGCAG -3’; fgfrd 5°-
GAAAACCTTTAAGATGCTCAACATC -3’. For single morpholino injections, 8ng of
MO were injected into one- and two-cell stage embryos. For double morpholino

injections, approximately 6ng of each MO was injected. For triple morpholino injections,
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approximately 4 ng of each morpholino was injected. The control morpholino sequence

used was 5’-CCTCTTACCTCAGTTACAATTTATA -3".

Results

fgfr expression in otic cells

As FGF signaling is essential for inducing the mesoderm as well as establishing
the dorsovental axis (Bottcher and Niehrs, 2005; Flrthauer et al., 2004; Kimelman, 2006;
Schier and Talbot, 2005; Thisse and Thisse, 2005), we reasoned that fgfr MRNA may be
deposited into the egg maternally. RT-PCR revealed the presence of fgfrl/2/4, but not
fgfr3, in 128-cell embryos (Figure 4.1M). Although the expression patterns of fgfrl-4
during mid-to late- somitogenesis have been previously described, they have not been
examined in the context of the PPR or the otic placode. Thus, we wished to determine
the expression of fgfrl-4 in the context of these tissues (Figure 4.1). To do so, we co-
labelled embryos with riboprobes against each fgfr and dIx3b, a marker of the PPR and
otic placode. DIx3b is initially expressed in the PPR during late gastrulation, and
following gastrulation its expression is gradually reduced there and upregulated in the
otic placode (Ellies et al., 1997; Solomon and Fritz, 2002). In bud stage embryos, all four
fgfrs overlap with dIx3b in the PPR. Of them, fgfrl-3 were expressed strongly throughout
the PPR and adjacent neural plate (Figure 4.1A-C), while fgfr4 was expressed in a subset
of cells in the PPR adjacent to its expression in the midbrain-hindbrain boundary (Figure
4.1D). In 6-somite stage embryos (early-mid somitogenesis), fgfrl-3 expression was
detected overlapping dIx3b in the otic placode (Figure 4.1E-G). While both fgfrl/3

expression completely overlapped with dix3b, fgfr2 expression overlapped with dIx3b
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only in the medial region of the otic placode. fgfr4 expression was not detected in the
otic placode (Figure 4.1H). In 18-somite embryos (late somitogenesis), only fgfrl/2 were
detected in the otic vesicle (Figure 4.11,J). Similar patterns of expression were observed
as late as 3dpf (not shown). Taken together, these results suggest that Fgfr1/2/3 may play
essential roles in otic placode induction during late gastrulation/early somitogenesis,
while Fgfrl/2 may mediate later requirements of FGF signaling in the otic vesicle of late

somitogenesis stage embryos.

Fgfrl-3 are required for otic development

In order to determine the requirements of Fgfrl-4 in otic development, we
knocked each Fgfr down and assayed otic induction by examining pax8 expression
(Figure 4.2). pax8 expression was not observed when either Fgfrl or Fgfr3 were
knocked-down separately or in combination (Figure 4.2D,F,G,H). This resembled the
expression pattern of embryos homozygous for the x15 allele, which also did not express
pax8 (Figure 4.2B). Fgfr2 morphants displayed a milder reduction in pax8 expression
(Figure 4.2E), resembling that of embryos homozygous for the lia allele (Figure 4.2C).
Knockdown of Fgfr4 had no noticeable defects on pax8 expression (not shown).

Similar and consistent results were obtained when we assayed the size and shape
of the otic vesicle (Figure 4.3). In control morphants, embryos form an oval-shaped otic
vesicle with two otoliths spaced along the anteroposterior extent of the otic vesicle
(Figure 4.3A). Morpholino-mediated knockdown of Fgfrl or Fgfr3 resulted in circular-
shaped otic vesicles that were reduced in size and lacked otoliths (Figure 4.3D,F). The

otic phenotype of both Fgfrl and Fgfr3 morphants resembled those of embryos
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homozygous for the x15 allele (Figure 4.3B), the otic vesicle of which was also circular
and lacked otoliths. Fgfr2 morphants displayed a milder otic phenotype, resembling that
of embryos homozygous for the lia allele (Figure 4.3C,E). In both Fgfr2 morphants and
lia mutants, the otic vesicle was slightly smaller in shape and otoliths were spaced more
closely together.

As the otic phenotype of Fgfrl and Fgfr3 morphants resembled each other, we
wished to determine if loss of Fgfrl/3 in combination increased the severity of otic
defects. The otic phenotype observed in Fgfrl/3 morphants was not more severe than
when Fgfrl or Fgfr3 was knocked down alone (Figure 4.3H). A synergism was
observed, however, when fgfr2 morpholino was co-injected with fgfr1/3 morpholinos
(Figure 4.31). Fgfrl/2/3 triple morphants failed to form an otic vesicle. These results

suggest that Fgfrl-3 are essential in mediating FGF signaling in otic development.

Ligand-receptor interactions in otic development

As the otic phenotype of Fgfrl/3 morphants resembled that of x15 mutants and
Fgfr2 morphants resembled lia mutants, we wished to determine whether Fgfrl/3 were
responsible for mediating Fgf8 signaling and Fgfr2 for mediating Fgf3 signaling. To do
so, we performed an interaction analysis using fgf mutants and fgfr morpholinos. We
reasoned that if an FGF ligand were primarily responsible for interacting with a particular
receptor, then loss of that receptor in a mutant background would not significantly
increase the severity of the otic phenotype.

To determine potential interactions with Fgf8, we knocked down both Fgfrl/3 and

Fgfr2 in parallel in x15 mutant embryos (Figure 4.4). The otic phenotype observed when
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fgfrl/3 morpholino was injected into x15 mutants did not differ significantly from either
Fgfrl/3 morphants or x15 mutants (Figure 4.4B,D). Conversely, when we knocked down
Fgfr2 in an x15 background, the otic vesicle was not detectable (Figure 4.4C). This
suggests that at least in the context of otic development, Fgfrl/3 interact with Fgf8
ligands.

In lia mutants, knockdown of Fgfr2 did not increase the severity of the otic
phenotype of Fgfr2 morphants or lia mutants alone (Figure 4.5B,D). Knockdown of
Fgfrl/3 in a lia mutant background prevented otic vesicle formation (Figure 4.5C).
Taken together, in the context of otic development, Fgfrl/3 transduce Fgf8-mediated

signals and Fgfr2 transduces Fgf3-mediated signals.

Fgfr2 mediates Fgf3 signaling in pituitary and epibranchial development

Although most FGF signaling is partially redundant, there are some examples of
the requirement of a unique FGF ligand in zebrafish organ system development. The
epibranchial placodes, which form sensory neurons of the epibranchial ganglia, require
Fgf3 for proper expression of neuronal markers (Nechiporuk et al., 2005). Similarly,
Fgf3 signaling from the ventral diencephalon is also uniquely required for proper
development of the adenohypophysis (Herzog et al., 2004).

To determine whether receptor-ligand interactions observed in the ear were
present elsewhere in the embryo, we examined the effects of Fgfr knockdown on
epibranchial (Figure 4.6) and pituitary development (Figure 4.7). In lia mutants,
expression of neuroD in the epibranchial placodes is undetectable, consistent with

previous reports (Figure 4.6C) (Nechiporuk et al., 2005). In Fgfrl, Fgfr3, and Fgfr4
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morphants, neuroD expression was detectable in the epibranchial placodes (Figure
4.6D,F,G). neuroD expression could not be detected in the epibranchial placode region
of Fgfr2 morphants (Figure 4.6E). Similarly, pitl, a marker of pituitary development, is
not expressed in lia mutants (Figure 4.7B) (Herzog et al., 2004). Although pitl
expression was observed in Fgfrl, Fgfr3, and Fgf4 morphants (Figure 4.7C,E), it could
not be detected in Fgfr2 morphants (Figure 4.7D). Taken together, these results suggest
that Fgfr2 transduces Fgf3-mediated signals in epibranchial placode and pituitary

development.

Discussion

Although FGF family members have been ascribed many inductive roles
throughout embryogenesis (Bottcher and Niehrs, 2005; Thisse and Thisse, 2005), their
interactions with FGF receptors has not been established. Through loss of function
analyses, we have attempted to elucidate FGF receptor-ligand interactions particularly as
they pertain to otic development. We provide evidence that Fgfr1/2/3 are required for
proper otic development. Knockdown of these three receptors prevents otic induction
from occurring. Co-injection of fgfr1/3 morpholino did not enhance the otic phenotype,
suggesting that they act redundantly in transducing signals from the same ligand. Loss of
Fgfrl/3 in an fgf3 mutant background ablates otic formation, as does loss of Fgfr2 in an
fgf8 mutant background. Taken together, these results suggest that Fgfr2 transduces
Fgf3-mediated signals, and that Fgfrl/3 transduces Fgf8-mediated signals. Our results
are supported by the known requirements of Fgf3 in epibranchial placode and pituitary

development (Herzog et al., 2004; Nechiporuk et al., 2005). As loss of Fgfr2 mimics the
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phenotypes observed in fgf3 mutants, our results suggest that our approach may be

practical on a global level.

Making sense of multiple FGF signals

In most vertebrates, there are at least 20 identified members of the FGF signaling
family, yet only four receptors with which to receive, transduce, and integrate these
signals (Bottcher and Niehrs, 2005; Thisse and Thisse, 2005). Through work in mouse, it
has become clear that multiple splice variants of each receptor exist, and these may be
responsible for receiving different aspects of FGF signaling (Eswarakumar et al., 2005;
Itoh and Ornitz, 2004; Itoh and Ornitz, 2008; Jiao et al., 2003; Kwiatkowski et al., 2008;
Liu etal., 2007; Pirvola et al., 2000; Zhang et al., 2006). Although several FGFs have
been demonstrated to bind with high affinity to a particular splice isoform (Pirvola et al.,
2000), it is unclear to what extent these same ligands bind with other receptor-specific
isoforms.

Our RT-PCR data also suggests that, like in mouse, zebrafish possess multiple
splice isoforms of their FGF receptors. It will be interesting to determine the spatial
distribution of the isoforms of each receptor. However, as most isoforms differ by less
than 100 nucleotides (not shown), in situ hybridization using isoform-specific riboprobes

will not be a trivial process.

Conservation of FGF Ligand-receptor interaction among vertebrates
Genome duplications that have given rise to the many members of the FGF family

have also given rise to the four members of the FGFR family. It has been suggested that
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the co-evolution of ligands and receptors has permitted an increase in ligand-receptor
specificity between one receptor and a particular FGF subfamily (Itoh and Ornitz, 2004,
Itoh and Ornitz, 2008). There are some data to suggest that ligand-receptor interactions
have indeed remained conserved throughout the vertebrate species. Based on sequence
homology, Fgf8/10/17/24 are grouped into the Fgf8 subfamily, so named for the founding
family member (Bottcher and Niehrs, 2005; Itoh and Ornitz, 2004; Itoh and Ornitz, 2008;
Thisse and Thisse, 2005). In mouse, the I11b splice variant of Fgfrl interacts with Fgf10
in the formation of otic epithelia (Pirvola et al., 2000). Furthermore, expression data also
suggest that at least in the inner ear, FGF8 serves as a ligand for FGFR3 (Pirvola et al.,
2000). Similarly in zebrafish, Fgfrl has been implicated in transducing Fgf8-mediated
signals in the development of the MHB. Knockdown of Fgfrl mimics the MHB defects
observed in embryos homozygous for a hypomorphic allele of fgf8.

Evidence in Xenopus and mouse also exist to suggest that Fgfr2-Fgf3 interactions
are conserved amongst invertebrates. Xenopus XFGF3 has been shown to have a high
affinity for XFGFR2, but not XFGFR1/3/4 (Mathieu et al., 1995). Mice with null
mutations in fgfr2 form an ear that is slightly reduced in size. Although ligand-receptor
interactions of mouse Fgfr2 have not been characterized, the mild otic phenotype
observed is very similar to that observed in zebrafish lacking functional Fgfr2 or Fgf3,

raising the possibility that mouse Fgfr2 interacts Fgf3 ligands.

Role of maternally loaded fgfrs in otic induction
Our analysis of fgfr expression have revealed that fgfr1/2/4 are maternally loaded.

It is unclear what, if any, role these maternally loaded fgfrs play in otic induction. By co-
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culturing ectodermal tissues at successive stages with FGF ligands, embryological
manipulations have demonstrated that all ectoderm is initially competent to initiate
otogenesis (Noramly and Grainger, 2002). For example, in mid gastrula stage Xenopus
embryos, all regions are equally competent to respond to FGF signals, and this
competence continues through neurulation stages (Gallagher et al., 1996; Servetnick and
Grainger, 1991). A possible explanation for this observation is the universal distribution
of maternally-loaded fgfr mRNA.

Evidence from FGF signaling in chick has led to the proposal of a two-phase
requirement for FGF signaling in otic placode induction. The first phase is required to
establish a zone of tissue that is universally competent to respond to the second phase of
signaling, which will actually specify the fate of otic cells (Martin and Groves, 2006). It
is possible that maternally- and zygotically-transcribed fgfrs are responsible for mediating
these two phases of induction. This is unlikely, however, for several reasons. First,
zygotic transcription begins at the mid-blastula transition, which occurs at the 512-cell
stage (Schier and Talbot, 2005). It is likely that by the stage at which FGF signaling is
first required in otic induction a large proportion of transcripts present in the embryo
would be zygotically-derived. Second, fgfr3 is not maternally loaded. Yet, injection of
fgfr3 morpholino prevents expression of the earliest otic marker pax8, suggesting that
zygotic fgfr3 is required to mediate the earliest stages of otic induction. Together, this
suggests that aspects of otic induction do not require transcripts deposited in the oocyte

by the mother.

Direct and indirect roles of FGF signaling in otic induction
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Recent evidence from studies examining signaling integration have revealed that
FGF signaling can inhibit intracellular cascades initiated by BMP signaling. This occurs
both through interference with BMP pathway members as well as transcriptional
repression of BMP target genes. FGF-activated MAPK can phosphorylate intracellular
proteins activated in response to BMP activity, thereby preventing their entry into the
nucleus. Secondly, FGF target genes, such as churchill, act to repress transcription of
BMP target genes.

Given the opposing relationship between FGF and BMP signaling, do the
requirements of multiple phases of FGF signaling pose a requirement for BMP
inhibition? There is some evidence to suggest that the initial phase of FGF signaling
does act to repress BMP activity within the PPR. In the absence of FGF activity, PPR
markers are not expressed. PPR induction can also be inhibited through elevation of
BMP levels within the presumptive PPR, suggesting that PPR specification requires BMP
activity levels to be low. Furthermore, expression of some PPR markers such as six1 can
be ectopically expressed either when Fgf8 or the BMP inhibitor Noggin is applied to the
embryo. This suggests that low levels of BMP activity may be sufficient for PPR marker
expression.

However, the second phase of FGF signaling is likely not required to alter BMP
activity levels within pre-otic cells. Although SU5402 application during late
gastrulation can block induction of the otic placode and expression of most otic markers,
expression of bmp4/7 in these cells is maintained. This raises the intriguing possibility

that FGF signaling may function primarily to disrupt BMP signaling in the establishment



159

of the PPR, while being directly required to confer otic characteristics onto PPR cells

during the second phase.

Future directions

As previously mentioned, several fgfrs are maternally loaded. To determine if the
maternally loaded fgfr transcript is essential for any stage of otic development, we intend
to inject splice-blocking morpholinos into embryos and assay otic induction through the
expression of pax8. Splice-blocking morpholinos will permit the translation of
maternally loaded transcript while inhibiting translation of zygotic fgfr transcript. 1f we
observe normal pax8 induction in embryos injected with fgfr1/2/3 splice-blocking
morpholinos, this may suggest that maternal transcript is sufficient for otic induction.

Second, generation of tagged FGF ligands and receptors will allow examination
of physical interactions in vivo. Tagged ligand/receptor complexes can be purified
through biochemical means to determine how these proteins interact on a global scale
within the embryo.

Third, recent generation of a transgenic zebrafish line containing fgf8 under the
control of a heatshock promoter (Hans et al., 2007) will allow gain of function analyses
of otic development without disrupting early roles for Fgf8 signaling in embryonic
patterning. Misexpression of fgf8 in this line of fish results in an abnormally large otic
vesicle (Hans et al., 2007). Knockdown of either Fgfrl or Fgfr3 should be able to
ameliorate this phenotype; if Fgf8 interacts with either Fgfrl or Fgfr3 we should observe
a phenotype in these embryos that is similar to Fgfrl or Fgfr3 morphants even when fgf8

IS overexpressed.
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Finally, it will be interesting to determine whether a feedback loop exists between
Fgf3 or Fgf8 and their potential receptors. These types of feedback loops are known to
be present in Drosophila and mouse, where disruption of Hedgehog signaling result in an
increase in the patched receptor. This relationship may exist in FGF signaling, and it will
be interesting to determine if it is specific to receptor-ligand interactions. For example, if
a similar relationship exists in FGF signaling as in Hedgehog signaling, one may expect
fgfrl/3 expression to be increased in x15 mutants and fgfr2 expression increased in lia
mutants. This may provide more evidence to support the receptor-ligand interactions

previously proposed.
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Figure 4.1: fgfr expression during otic development

Expression patterns of fgfrl (AE,Il), fgfr2 (B,F,J), fgfr3 (C,G,K) and fgfr4 (D,H,L) at bud
stage (A-D), 6-somites (E-H), and 18-somites (I-L). (A-H) dIx3b expression (red)
defines the PPR in (A-D) and otic placode in (E-H). (M) RT-PCR performed on total
RNA extracted from 128-cell embryos using primers specific to fgfrl-4 transcripts reveal
the presence of fgfrl/2/4 mRNA. oep served as a positive control. (A-L) All views are
dorsal, with anterior to the top. Arrows in (E-H) and arrowheads in (I-L) indicate the

position of otic cells. Insets in (E-H) are high magnification views of the otic placode.
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Figure 4.1
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Figure 4.2: The requirements of fgfrs for pax8 expression
pax8 expression in bud stage x15 (B), lia (C), Fgfrl morphants (D), Fgfr2 morphants (E),
Fgfr3 morphants (F), Fgfrl/3 morphants (G), and Fgfrl/2/3 morphants (H). All views are

dorsal, with anterior to the top.
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Figure 4.3: Otic vesicle formation in Fgfr morphants

In 30hpf embryos (A), the ear can be visualized as an oval shaped otic vesicle containing
two otoliths. (B,D,F,H) In x15 mutants (B), Fgfrl (D), Fgfr3 (F), and Fgfrl/3 (H)
morphants, a circular otic vesicle forms that lacks otoliths. (C,E) In lia mutants (C) and
Fgfr2 morphants (E), the otic vesicle is slightly smaller than in wild-type embryos. (G)
Knockdown of Fgfr4 has no effect on otic morphology. (1) The otic vesicle is

undetectable in Fgfrl/2/3 morphants. All views are lateral with anterior to the left.
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Figure 4.3
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Figure 4.4: Interactions between Fgf8 and Fgfrl-3

(B,D) The otic phenotype observed when Fgfrl/3 are knocked down in an x15
background (D) is not more severe than x15 mutants (B) alone. (C) Knockdown of Fgfr2
in an x15 mutant background ablates otic vesicle formation. All views are lateral, with

anterior to the left.
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Figure 4.4
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Figure 4.5: Interactions between Fgf3 and Fgfrl-3

(B,D) The otic phenotype observed when Fgfr2 is knocked down in an lia background
(D) is not more severe than lia mutants (B) alone. (C) Knockdown of Fgfrl/3 in an lia
mutant background ablates otic vesicle formation. All views are lateral, with anterior to

the left.
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Figure 4.5
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Figure 4.6: Fgfr2 mediates Fgf3 signaling in epibranchial placode development
(A,B,D,F,G) neuroD expression at 24hpf reveals that epibranchial placode development
is unaffected in x15 mutants (B) as well as Fgfrl, (D) Fgfr3 (F), and Fgfr4 (G)
morphants. (C,E) neuroD expression is lost from the epibranchial placode of lia mutants

(C) and in Fgfr2 morphants (E). All views are lateral views, with anterior to the left.
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Figure 4.6
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Figure 4.7: Fgfr2 mediates Fgf3 signaling in pituitary development

(A,C,E) pitl expression at 30hpf reveals that pituitary development is unaffected in
Fgfrl/3 (C) and Fgfr4 (E) morphants. (B,D) pitl expression is lost from the pituitary of
lia mutants (B) and in Fgfr2 morphants (D). All views are lateral views, with anterior to

the left.



174

Figure 4.7
control mo
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CHAPTER 5

Characterization of tbx2a/b reveals a novel
pathway in otic induction
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The vertebrate inner ear is a complex sensory structure responsible for the
detection of sound, gravity, and acceleration. Comprised of a series of communicating
chambers and multiple cell types, it is complex in both structure and function. This
complexity arises from a simple thickening of epithelium, the otic placode, which lies
adjacent to the neural plate. The otic placode undergoes complex morphological
rearrangements to form the otic vesicle, which will eventually give rise to the inner ear
(Ohyama et al., 2007; Schneider-Maunoury and Pujades, 2007). Well before the otic
placode is morphologically distinct, signaling events emanating from neural as well as
non-neural ectoderm act to induce and pattern otic cell fate. These events act to make
otic precursor cells distinct from other cells in the region.

Classical embryological manipulations as well as recent molecular techniques
have provided evidence that otic induction requires multiple inductive events (Ohyama et
al., 2007; Schlosser, 2006; Streit, 2007). Evidence from FGF signaling in chick has led
to the proposal of a multi-stage model for FGF signaling in otic induction (Martin and
Groves, 2006). The first phase establishes a zone of tissue that is common to all cranial
sensory organs. Cells possessing this identity occupy the preplacodal region (PPR) and
are initially capable of contributing to all cranial sensory organs (Ahrens and Schlosser,
2005; Bailey et al., 2006; Bhattacharyya et al., 2004; Jacobson, 1963; Kozlowski et al.,
1997; Noramly and Grainger, 2002). Following PPR specification, inductive events
gradually refine cell fate so that individual sensory placodes are specified. In response to
these inductive events, expression of cell-intrinsic factors are initiated that act
redundantly in a combinatorial manner to specify placodal fate. For example, members

of the Fox, Pax, and Sox families share overlapping patterns of expression within the
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presumptive otic domain (Chiang et al., 2001; Krauss et al., 1991b; Ohyama and Groves,
2004; Pohl et al., 2002; Solomon et al., 2003; Spokony et al., 2002). In zebrafish,
inactivation of any of these genes does not inhibit otic induction although later otic
development is abnormal (Hans et al., 2004; Mackereth et al., 2005; Nissen et al., 2003;
Solomon et al., 2003; Yan et al., 2005).

foxil is one such gene in zebrafish that is critical in assigning otic fate to PPR
cells (Nissen et al., 2003; Solomon et al., 2003). foxil is first expressed during mid to
late gastrulation within the PPR. Subsets of foxil-expressing cells begin to express pax8,
the earliest marker of otic induction, during late gastrulation. Foxil appears critical in
integrating FGF signaling in this process; ectopic foxil can induce ectopic pax8
expression, but only when FGF signaling is not disrupted (Solomon et al., 2003; Solomon
et al., 2004). In addition, loss of Foxil delays otic expression of FGF target genes pax2a
and sox9a, and the resulting otic vesicle is reduced in size and often lacks otoliths
(Solomon et al., 2003; Solomon et al., 2004). Although sufficient for pax8 induction,
Foxil cannot induce these other otic markers or the formation of ectopic otic vesicles.
The mechanism by which Foxil mediates otic induction is currently unknown.

We have performed a microarray screen in an attempt to identify transcriptional
targets of Foxil. From this screen, we have identified two tbx2 paralogues, tbx2a/b, that
are differentially regulated by Foxil. As little is known about the role of Thx family
members in otic placode induction (Schlosser, 2006), we have attempted to characterize
the roles of tbx2a/b in this process. Through loss of function analyses, we find that
tbx2a/b lie upstream of pax8 and fgf24 in pre-otic cells. Proper Thx2a/b function is

required in otic induction, as loss of either Thx2a or Thx2b results in an otic vesicle that
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is reduced in size with misshapen otoliths. Loss of both Thx2a/b results in otic tissue that

expresses only rudimentary levels of otic markers, where otic vesicles do not form.

Materials and Methods

Animals
Wild-type (AB) mutant zebrafish were obtained from the Zebrafish International
Resource Center (Eugene, OR). Embryos were maintained at 28.5°C and staged using
standard criteria (Kimmel et al., 1995). Tg(CM-isl1:GFP)™® (Higashijima et al., 2000)
and Tg(foxd3:GFP)™": fby (Snelson et al., 2008) zebrafish lines were obtained from the
Gamse lab (VVanderbilt University, Nashville). The from beyond (fby) mutation is a
putative null allele of tbx2b (Snelson et al., 2008). fby mutant embryos were identified as

previously described (Snelson et al., 2008).

Microarray analysis

Embryos injected with control and foxil morpholinos were homogenized at the 1-
3 somite stage in Trizol (Invitrogen). Injections and RNA isolations were prepared in
triplicate. One hundred embryos were used for each RNA preparation. RNA samples
were used to prepare cDNA that was hybridized to a zebrafish gene chip, generated by
Drs. K. Wuennenberg-Stapleton and J. Ngai (University of California, Berkeley). Three
independent hybridizations were performed. Spot (CSIRO Mathematical and

Information Sciences; North Ryde, Australia) was used for data extraction, and the data
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were normalized with print tip and Lowess normalization. Gene expression data was

analyzed on a log; scale.

Real-time quantitative RT-PCR

RNA was isolated from three sets of 20 embryos of each experimental sample
using the RNeasy kit (Qiagen). The SYBR Green | (Roche Applied Science) RNA
amplification kit was used on the LightCycler according to the manufacturer’s
instructions and published protocols (Rajeevan et al., 2001). The primers used for each
of the genes were: tbx2a 5’- GATGGCTTTTCTCCTCTGATGGTT -3’ and 5’-
TTGCCCGGGGTGAAATAAGAGTGA -3’; thx2b 5’-
GGCGAACAGGAATCCCCAAATC -3’ and 5’-
AAGGCGAGAGCAGACAGCGGTAGG -3’; efla 5’- GTACTACTCTTCTTATGCCC
-3’ and 5’- GTACAGTTCCAATACCTCCA -3’. The different samples were
standardized using EF-1a transcript levels as a reference. Each experimental run was
also performed in triplicate. Transcript levels were compared by one-way ANOVA,

followed by a two-tailed, equal variance t-test.

In situ hybridization

The following probes were used: dIx3b (Ekker et al., 1992), follistatin (Mowbray
et al., 2001), foxil (Solomon et al., 2003), hnflb (Lecaudey et al., 2004), krox20 (Oxtoby
and Jowett, 1993), omp (Murayama et al., 2005), otolin (Murayama et al., 2005), pax2a
(Krauss et al., 1991a), pax8 (Krauss et al., 1991a), tbx2a (Ribeiro et al., 2007), and tbx2b

(Dheen et al., 1999).
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Morpholino injection

Translation blocking morpholinos against tbx2a/b are as follows: tbx2a 5’-
CGCTGTGAAAACTGGATCTCTCATC -3’; tbx2b 5’-
GAGGTGTTCTCTGGCTAAAAAGGAG -3’.Morpholino injections against dIx3b/4b
(Solomon and Fritz, 2002), fgf24 (Fischer et al., 2003), foxil (Solomon et al., 2003), and
mib (Itoh et al., 2003) have been previously characterized. The control morpholino
sequence was 5’-CCTCTTACCTCAGTTACAATTTATA -3’. For interaction analyses,
foxil and dIx3b mo concentration was chosen that elicited a mild otic phenotype,

approximately 5ng.

Antibody staining
Labeling with 3A10, which detects the Mauthner neuron, was as previously

described (Lorent et al., 2001).

Results

Identification of tbx2a/b as potential targets of Foxil

We performed a microarray analysis to identify potential transcriptional targets of
Foxil, comparing total mRNA from 1-3 somite control embryos was compared to total
MRNA isolated from embryos injected with foxil morpholino. Our data suggested that
the transcripts of two thx2 genes, tbx2a/b, were differentially regulated in the absence of
Foxil. In Foxil morphants, tbx2a transcript was found to be downregulated by

approximately 30%, while tbx2b transcript was upregulated by approximately 50%
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(Table 5.1). These results were confirmed by quantitative RT-PCR (not shown). We
further attempted to verify our results through in situ hybridization (Figure 5.1).
Consistent with our previous data, we observed fewer cells expressing tbx2a in the otic
domain of embryos homozygous for a null allele of foxil (hearsay, hsy; Solomon et al.,
2003) although we were unable to detect upregulation of thx2b expression in mutant
embryos (Figure 5.1A-H). To determine whether a reciprocal interaction existed between
tbx2a/b and foxil, we injected embryos with translation-blocking morpholinos against
tbx2a/b. Although loss of functional Thx2a/b led to otic phenotypes that will be
discussed in detail further, foxil expression was unaffected in these embryos (Figure 5.11-
L). These results suggest that Foxil is required for proper expression of tbx2a/b, and that

a reciprocal regulation of foxil by Thx2a/b does not exist.

tbx2a/b expression

Members of the Thx2 subfamily, including thx2, are expressed in the otic placode
of Xenopus, zebrafish, chick, and mouse during early somitogenesis (Dheen et al., 1999;
Gibson-Brown et al., 1998; Harrelson and Papaioannou, 2006; Ribeiro et al., 2007;
Takabatake et al., 2000), suggesting a role in mediating otic fate specification. Although
tbx2a/b expression has been reported elsewhere, expression patterns in the context of
sensory placode induction have not been examined. While both genes share largely
overlapping expression patterns following gastrulation, tbx2a expression is initiated much
earlier than tbx2b. thx2a is first detectable during early gastrulation (Figure 5.2A,B). As
gastrulation proceeds, expression is progressively restricted to the dorsal side of the

embryo with enrichments observed in the otic placode and notochord (Figure 5.2C).
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Unlike tbx2a, tbx2b expression is first detectable during mid to late gastrulation in the
otic placode, midbrain-hindbrain boundary (MHB), and notochord (Figure 5.21). During
early somitogenesis, both tbx2a/b are expressed in the lens and otic placodes (Figure
5.2D,J). thx2a expression was also detected in the MHB and cardiac precursors, while
tbx2b expression was additionally detected in the pineal organ and olfactory placode.
tbx2a/b expression was detected in the otic vesicle and retina through at least 3dpf

(Figure 5.2E,F,K,L).

Tbx2a/b are required for proper otic development

To ascertain the role of tbx2a/b in otic development, we obtained translation-
blocking morpholinos against tbx2a and tbx2b, as well as a zebrafish line carrying a
putative null allele of tbx2b (from beyond; fby). Loss of either Thx2a or Thx2b resulted
in visible otic defects (Figure 5.3). Instead of an oval-shaped otic vesicle containing two
otoliths that was observed in 30hpf controls (Figure 5.3A), Thx2a morphants developed a
circular otic vesicle that contained one irregular-shaped otolith (Figure 5.3B). The otic
phenotype observed in fby mutants was slightly less severe than Thx2a morphants; both
otoliths formed, but they were also irregular in shape (Figure 5.3C). By 3dpf, otolith
defects observed in Thx morphants were no longer apparent, although the otic vesicle
remained improperly patterned. The semicircular canals of embryos lacking either Thx2a
or Thx2b were fused and disorganized (Figure 5.3H,1). A synergism was observed when
tbx2a morpholino was injected into fby mutants such that otic vesicles failed to form
(Figure 5.3D). These results suggest that tbx2a/b play partially redundant roles in otic

development.
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Because we identified both Thx2 genes in our screen as potential transcriptional
targets of Foxil, we wished to determine how the combined loss of either Thx2a or
Thx2b and Foxil affected otic development. Loss of either Thx2a or Thx2b in a Foxil-
deficient background increased the severity of the otic defects observed in single Thx2
loss of function embryos (Figure 5.3E,F). Taken together, tbx2a/b likely act in a pathway

parallel to foxil in otic development.

tbx2a/b lie upstream of pax8

As both tbx2a/b expression appear to precede that of the earliest known otic
marker pax8 (Krauss et al., 1991b), we wished to examine the effects of tbx2a/b
inactivation on otic induction (Figure 5.4). Loss of either Thx2a or Thx2b was sufficient
to inhibit pax8 expression in the otic domain of bud stage (Figure 5.4A-C) or 6-somite
(Figure 5.4D-F) embryos, while expression in the midbrain-hindbrain boundary remained
intact (Figure 5.4D-F). Conversely, knockdown of Pax8 had no effect on tbx2a/b
expression (Figure 5.4G-J). To explore the relationship between tbx2a/b and pax8, we
co-injected tbx2a or tbx2b and pax8 morpholinos and examined the resulting otic
phenotype. Pax8 morphants develop an otic vesicle that is slightly smaller in size that
contains two otoliths (Figure 5.4K). The otic phenotype observed in Thx2a/Pax8 and
Thx2b/Pax8 double morphants resembled that of Thx2a and Thx2b single morphants,
respectively (Figure 5.4L,M). Taken together, these results suggest that tbx2a/b lie

upstream of pax8.

tbx2a/b act in a pathway parallel to dIx3b/4b
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In addition to foxil, members of the DIx family of transcription factors have also
been implicated in mediating early phases of otic induction (Ohyama et al., 2007;
Schlosser, 2006; Streit, 2007). In zebrafish, dIx3b/4b play partially redundant roles in
this process; knockdown of both proteins severely disrupts otic vesicle formation (Liu et
al., 2003; Solomon and Fritz, 2002). In DIx3b/4b morphants, we observed no change in
tbx2a/b expression when compared to controls (Figure 5.5A-D). To determine whether
tbx2a/b genetically interact with dIx3b/4b, we inactivated DIx3b in concert with either
Thx2a or Thx2b. Consistent with previous reports, knockdown of DIx3b results in a
slightly smaller otic vesicle that contains only one otolith (Figure 5.5E) (Solomon and
Fritz, 2002). Knockdown of Thx2a and DIx3b severely enhanced the severity of the
DIx3b morphant phenotype, completely ablating otic formation (Figure 5.5F).
Thx2b/DIx3b morphants formed an otic vesicle that was much smaller than DIx3b
morphants and lacked both otoliths (Figure 5.5G). These results suggest that dIx3b/4b

and tbx2a/b act in parallel pathways during otic development.

The requirement of Thx2a/b in otic gene regulation

As we observed a requirement of Thx2a/b for pax8 expression in pre-otic cells as
well as proper otic vesicle morphology, we wished determine how loss of Thx2a/b affect
the expression of other genes involved in otic development (Figure 5.6). Some genes
expressed in the otic placode, such as claudin a (cldna) and fgf24, were severely affected
by the loss of Thx2a/b. While fewer cells expressed cldna and fgf24 when either Thx2a
or Thx2b was knocked down, expression was completely lost from the otic domain when

Thx2a/b were knocked down in concert (Figure 5.6A-H). Other otic markers were not as
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severely affected by loss of Thx2a/b. For example, pax2a and sox9a were down-
regulated in pre-otic cells to a greater extent in Thx2a morphants than in Thx2b
morphants (Figure 5.6J,K,N,O). When Thx2a/b were knocked down in concert, fewer
cells expressed pax2a and sox9a in the otic domain than in single morphants (Figure
5.6L,P). These results suggest that thx2a/b act redundantly to promote the expression of
some otic markers, such as cldna and fgf24, but are not necessary for the expression of all

otic genes.

Tbx2a/b specify anterior and lateral domains of the otic vesicle

Although the otic placode is initially comprised of cells possessing uniform
identity, signals from adjacent tissues promote asymmetries along anteroposterior (AP),
dorsoventral (DV), and mediolateral (ML) axes as development proceeds (Schneider-
Maunoury and Pujades, 2007). These signaling events promote the sub-functionalization
of sensory apparatuses within the ear. To determine whether Thx2a/b are required for
specification of any of these sub-domains, we analyzed expression of genes expressed in
regional domains of the otic vesicle (Figure 5.7). Markers of the lateral otic vesicle, such
as omp and otolin (Murayama et al., 2005), were reduced in both Thx2a and Thx2b
morphants (Figure 5.7A-F). Similarly, expression of the anterior otic marker pax5
(Krauss et al., 1991b) was reduced in both Thx2a and Thx2b morphants (Figure 5.7G-I).
Expression of posterior markers such as follistatin (fst) (Mowbray et al., 2001) was
unchanged in either Thx2a or Thx2b morphants when compared to controls (Figure 5.7J-
L). Taken together, these results suggest that Thx2a/b are required to promote anterior

and lateral domains of the otic vesicle.
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Thbx2a/b regulation of fgf24 is critical in specification of some hindbrain
neurons

Several FGF ligands, including fgf24, are expressed in the otic placode during
early to mid somitogenesis (Draper et al., 2003; Schimmang, 2007), raising the
possibility that the otic placode acts as a signaling center that exerts its effects on the
hindbrain. In Thx2a/b morphants, we observed that the domain of hindbrain interneurons
labeled by pax2a was absent (Figure 5.8B). As fgf24 expression requires Thx2a/b, we
wished to determine whether the neural defects observed in Thx2a/b morphants was due
to an absence of Fgf24 signaling from the otic placode. In Fgf24 morphants, the domain
of hindbrain interneurons labeled by pax2a was absent, resembling the phenotype
observed in Thx2a/b morphants (Figure 5.8C). To ensure that loss of either Thx2a/b or
Fgf24 did not affect rhombomere identity, we labeled Thx2a/b and Fgf24 morphants with
riboprobes against krox20 and hnfl. The expression of krox20, which labels
rhombomeres 3 and 5 (Oxtoby and Jowett, 1993), and the expression of hnfl, which
labels rhombomeres 5, 7, and 8 (Lecaudey et al., 2004), respectively, was comparable to
controls (Figure 5.8A-C). In an attempt to further characterize the neuron defects
observed in these embryos, we injected tbx2a/b and fgf24 morpholinos into the isl1:GFP
transgenic line of zebrafish, which express GFP in motor neurons (Higashijima et al.,
2000). In both Thx2a/b and Fgf24 morphants, the nucleus of the medial longitudinal
fasiculus was disorganized, and motor neurons along the hindbrain did not extend to the
posterior hindbrain as they did in controls (Figure 5.8G-1). Additionally, the Mauthner

neuron, labeled by the 3A10 monoclonal antibody (Lorent et al., 2001), did not form in
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36hpf Thx2a/b or Fgf24 morphants (Figure 5.8J-L). To confirm that Tbx2a/b and Fgf24
are required for Mauthner cell specification, we co-injected the mind bomb (mib)
morpholino with thx2a/b or fgf24 morpholinos. In embryos lacking Mib, a component of
the E3 ubiquitin ligase, ectopic Mauthner neurons form (Figure 5.8M) (Chen and Casey
Corliss, 2004; Itoh et al., 2003; Koo et al., 2005a; Koo et al., 2005b). When tbx2a/b or
fgf24 morpholinos were co-injected with the mib morpholino, no Mauthner neurons were
observed (Figure 5.8N,O). Taken together, these results suggest that Thx2a/b-mediated

regulation of Fgf24 signaling from the otic placode is critical in neural development.

Discussion

Here we have begun to analyze the role of two thx2 paralogues in otic induction.
Thx2a/b act redundantly in otic development, and interaction analyses suggest that they
occupy a novel third genetic pathway in otic induction. Through loss of function studies,
we demonstrate that tbx2a/b lie upstream of pax8 and fgf24. By examining neural
patterning in embryos lacking Thx2a/b and Fgf24, we have revealed a novel role of the

otic placode as a signaling center in hindbrain neurogenesis.

Three parallel pathways in otic development

The zebrafish otic placode is known to require input from genetic pathways that
exert their functions during different phases of otic development (Ohyama et al., 2007).
The earliest known pathway acts during mid to late gastrulation, and is initiated by foxil
(Hans et al., 2007; Liu et al., 2003; Solomon et al., 2003; Solomon et al., 2004). The

combination of FGF signaling and Foxil are required for the expression of the earliest
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marker of otic induction, pax8. Ectopic foxil can induce ectopic pax8 expression, but
only in the presence of FGF activity (Solomon et al., 2003; Solomon et al., 2004). In the
absence of functional Foxil, pax8 is not expressed, and the expression of other otic
markers is significantly delayed.

In addition to foxil, dIx3b/4b also initiate a genetic cascade required for proper
otic development. dIx3b/4b appear to act slightly later than foxil, as loss of DIx3b/4b
does not affect pax8, but does disrupt expression of the FGF target gene pax2a, which is
first expressed in the otic placode after the initiation of pax8 expression (Liu et al., 2003;
Solomon and Fritz, 2002; Solomon et al., 2004). As with Foxil, loss of DIx3b/4b delays
otic gene expression. Inactivation of both pathways is capable of inhibiting otic
formation, raising the possibility that these transcription factors may act as master
regulators of otic fate. However, ectopic expression of either foxil or dIx3b cannot
induce ectopic otic vesicles or the full range of otic markers, suggesting that contribution
of other unidentified intrinsic factors are required to act cooperatively with Foxil and
DIx3b/4b in the initiation of otic development.

Our preliminary results suggest that tbx2a/b may act in an otic determination
pathway parallel to the ones specified by foxil and dIx3b/4b. This pathway likely acts
during a phase of otic induction similar to foxil, as indicated by the requirement of
Thx2a/b in pax8 expression. As the otic markers pax2a and sox9a are still expressed in
Thx2a/b morphants, tbx2a/b are unlikely to play roles as master regulators of otic fate.
Further investigation is required to determine the extent of integration between the otic

pathways specified by foxil and thx2a/b.
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The positive regulation of otic development has largely been a function that has
been assigned to FGF signaling. Recent evidence from chick and mouse has begun to
suggest that other signaling molecules play a role in augmenting the size of the otic
placode. For example, WNT signaling plays an important role in specifying the size of
the otic placode following otic induction (Freter et al., 2008; Jayasena et al., 2008;
Ohyama et al., 2006). Inactivation of WNT signaling in a subset of otic cells through the
conditional deletion of 3-catenin leads to a reduction in the size of the otic placode and
increase in cranial epidermis. Conversely, over activation of 3-catenin in the otic domain
expands the otic placode at the expense of cranial epidermis (Ohyama et al., 2006). To
date, it is unclear how competence to respond to WNT signaling is mediated within otic

cells.

Mammary placode induction as a model for Thx2a/b function

The role of Thx3, a Thx2 subfamily member, in mammary placode induction may
provide valuable insights into the role of Thx2a/b in WNT regulation during otic
induction. Like in otic development, specification of the mammary domain initially
requires FGF signaling and Tbx genes (Eblaghie et al., 2004; Howard and Ashworth,
2006). Application of ectopic Fgf8 in mouse can expand expression of both Tbx3 and the
WNT target gene Lefl (Eblaghie et al., 2004). In mammary development, integration of
FGF signaling and Thx3 appear to induce WNT activity in mammary cells. This is
required for further mammary development; mammary placodes are induced in mice
carrying null mutations of WNT target genes, but development stalls and differentiation

of mammary tissue does not occur (Andl et al., 2002; Boras-Granic et al., 2006). These
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data raises the possibility that Thx2a/b act in a similar manner during otic development to
integrate and balance the input of FGF signaling with the output of WNT signaling.

The otic phenotypes observed when Thx2a/b are lost are consistent with the
integration of FGF and WNT response mechanisms. For example, loss of Thx2a/b
ablates expression of the FGF target gene pax8, while also reducing the size of the otic
vesicle as has been observed in WNT-deficient mice. Alternatively, the effects of
Thx2a/b inactivation may be due to inability of otic cells to respond to FGF signaling.

Potential integration of FGF and WNT signaling by Tbx2a/b remain to be resolved.

The otic placode is a signaling center involved in hindbrain neurogenesis

Tissues surrounding the inner ear, such as the hindbrain, mesoderm, and
endoderm, have been implicated as signaling sources required for otic development
(Schneider-Maunoury and Pujades, 2007). The role of the hindbrain has been revealed
by analyzing mutants that affect hindbrain segmentation, including hnfl, hoxal, and
mafB (Dolle et al., 1993; Eichmann et al., 1997; Giudicelli et al., 2003; Helmbacher et al.,
1998; Lecaudey et al., 2007; McKay et al., 1994; Moens et al., 1998; Prince et al., 1998;
Sadl et al., 2003; Sun and Hopkins, 2001). As these genes are not expressed in the otic
vesicle, it is likely that their effects on hindbrain patterning influence secreted molecules
that emanate from this tissue. For example, fgf3 is expressed in rhombomere 4 of
zebrafish, and the expansion of this domain in mafB (valentino) mutants results in an
anterior expansion of the otic domain as well as the formation of ectopic sensory neurons

(Moens et al., 1998; Prince et al., 1998).
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A number of secreted molecules, including members of the FGF and BMP
families, are expressed in otic cells during embryogenesis (Mowbray et al., 2001,
Schimmang, 2007). In addition to their inferred roles in otic patterning, these molecules
likely exert influences on surrounding tissue in the hindbrain. We have demonstrated a
previously uncharacterized role of the otic placode as a signaling center that is required
for proper specification of some hindbrain neurons. Our preliminary analysis of the
hindbrain in Thx2a/b and Fgf24 morphants has indicated that Fgf24 signaling from the
otic placode is required for specification of Mauthner neurons. The Mauthner neuron is
one of the earliest observed and most widely studied reticulospinal neurons (Eaton and
Emberley, 1991; Eaton et al., 2001; Faber et al., 1989; Gahtan and Baier, 2004; Gahtan
and O'Malley, 2003; Kimmel et al., 1982; Metcalfe et al., 1986). It is essential in
integrating and executing escape mechanisms from external stimuli.

The role of other placodally-derived signaling molecules remains to be elucidated.
It is likely that other members of the FGF and BMP families also function to specify
hindbrain neurons in a manner similar to Fgf24. Unfortunately, ablation of otic
formation likely exerts global consequences on the embryo, making it difficult to discern
the complete role of otic-derived signaling in hindbrain neurogenesis. For example,
sustained inhibition of FGF signaling following mid gastrulation is capable of preventing
otic induction (Leger and Brand, 2002; Phillips et al., 2001), but this would also block
local FGF activity within the hindbrain. Further study of these signaling molecules will

require tissue specific inactivation of these signaling molecules.

Future directions
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Elucidation of pathways mediating early phases of otic induction

While we demonstrate that Foxil differentially regulates tbx2a/b, the mechanism
behind this regulation is unclear. Although our analysis suggests that foxil and tbx2a/b
act in parallel pathways during otic induction, differential regulation of tbx2a/b by Foxil
as well as pax8 regulation by both Thx2a/b and Foxil suggest that there is interaction
between these two pathways at some level. Promoter analysis of both tbx2 genes is
required to determine if Foxil directly promotes thx2a/b expression, or whether the
effects on tbx2a/b expression observed when Foxil is inactivated are indirect.

It is currently unclear what signaling molecules induce tbx2a/b expression. As
otic induction requires FGF signaling, it is likely that tbx2a/b expression also requires
FGF signaling. We will address the role of FGF activity in tbx2a/b expression through
biochemical and genetic approaches. The application of SU5402, a small molecule
inhibitor of FGF signaling (Mohammadi et al., 1997), will allow us to inactivate FGF
signaling over several timepoints during mid to late gastrulation to determine what effect,
if any, inactivation of FGF signaling has on tbx2a/b expression. Conversely, by using a
transgenic line that drives fgf8 expression under the control of a heatshock promoter
(Tg[hsp70:fgf8]) (Hans et al., 2007), we will be able to address whether increased Fgf8
induces ectopic tbx2a/b expression.

Previous work demonstrated that the earliest phase of otic induction requires both
FGF signaling and Foxil (Nissen et al., 2003; Solomon et al., 2003; Solomon et al.,
2004). In the absence of either protein, pax8 expression is not induced in pre-otic cells.
Similarly, while misexpression of foxil can induce ectopic pax8 expression, the

mechanism through which Foxil acts requires FGF signaling. When foxil is ectopically
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expressed and FGF activity is blocked, pax8 is not expressed. Although it is clear that
Thx2a/b are required for otic pax8 expression, it is unclear how Thx2a/b and Foxil
interact in this process. To further investigate the roles of foxil and tbx2a/b in pax8
regulation, we will induce Fgf8 in Tg(hsp70:fgf8) embryos that have been injected with
tbx2a/b morpholinos. If Tbhx2a/b mediate FGF signaling in pax8 induction, loss of
Thx2a/b would be expected to block ectopic pax8 expression.

There is evidence from studies examining Thx3 in mammary placode
development to suggest that Thx2a/b may act as a nexus in integrating FGF and WNT
signaling (Howard and Ashworth, 2006). Several WNT signaling members, including
the WNT receptors fzd7a/b and the secreted WNT antagonist sfrp2, are expressed in the
otic placode beginning during early somitogenesis (Tendeng and Houart, 2006; Witzel et
al., 2006). Examining the expression of these genes will be an initial step in determining
how Tbhx2a/b affect WNT activity in the otic placode. The use of a transgenic zebrafish
line containing a dominant negative Tcf construct under the control of a heatshock
promoter (Tg[hsp70l:Atcf3-GFP]"*) (Lewis et al., 2004) will allow the further
investigation of WNT requirements during otic development. Inactivation of WNT
activity at various times after otic induction will allow us to attribute otic phenotypes

seen in Thx2a/b morphants to potential disruptions in WNT activity.

The requirements of the otic signaling center in hindbrain neurogenesis
We present evidence that the otic placode plays a previously uncharacterized role
as an FGF signaling center during hindbrain neurogenesis. As multiple neuronal types

exist within the hindbrain, it is necessary to fully characterize the role of signaling from
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the otic placode in neuronal specification. Multiple pro-neural markers will be used to
probe differences in hindbrain neurogenesis of control embryos versus Thx2a/b and
Fgf24 morphants.

Our preliminary analysis of the hindbrain in Thx2a/b and Fgf24 morphants has
indicated that Fgf24 signaling from the otic placode is required for specification of
Mauthner neurons. In addition to the 3A10 monoclonal antibody, other markers also
label the Mauthner neuron (Lowery et al., 2007). To confirm that this neuron requires
Fgf24, we must label this neuron with additional markers. To demonstrate that Mauthner
neuron specification requires Fgf24 signaling from the otic placode, we will attempt to
generate a transgenic line that expresses fgf24 under the control of an ear-specific
promoter that is not affected by the loss of Tbx2a/b. Rescue of the Mauthner neuron
phenotype in this transgenic line will demonstrate a non-cell autonomous requirement for
Fgf24 in Mauthner neuron specification. To further confirm loss of the Mauthner neuron,
we will attempt to analyze escape behavior in Thx2a/b and Fgf24 morphants. If these
morphant embryos do not form Mauthner neurons, we will expect a delay in timing of
escape turns similar to that observed in the space cadet (spc) mutant, which is also
Mauthner neuron deficient (Lorent et al., 2001). Although we demonstrate a requirement
for Fgf24 in Mauthner cell specification, it is unclear whether Fgf24 is sufficient for its
identity. Generation of recombinant Fgf24 will allow us to apply Fgf24 within the brain
of zebrafish embryos after initial embryological patterning events to determine whether
ectopic Fgf24 can induce supernumerary Mauthner neurons.

It is possible that hindbrain patterning defects represent an underlying cause of the

neurogenic defects observed in Thx2a/b and Fgf24 morphants. Although probes against
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krox20 and hnfl have indicated that hindbrain patterning is unaffected in Thx2a/b and
Fgf24 morphants, it is still possible that identity of rhombomeres 1, 2, and 4, which are
not labeled by these probes, are altered in Thx2a/b and Fgf24 morphants. However, fgf24
is not expressed in the otic placode until early somitogenesis, after rhombomere identity
has been specified, making it unlikely that the regulation of fgf24 by Thx2a/b has any
effect on rhombomere identity. Regardless, more detailed examination of hindbrain
specification is necessary to exclude any roles in hindbrain patterning by Tbx2a/b or

Fgf24.
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Table 5.1: Microarray analysis of gene expression in Foxil morphants

The values compare gene expression levels in 3-somite Foxil morphant embryos to
comparably staged embryos injected with a control morpholino. Analysis was performed
in triplicate, and averaged values are shown on a log2 scale. Positive values indicate an
increase in transcript levels while negative values indicate a decrease in transcript levels,
relative to controls. The level of tbx2b transcript is significantly increased in Foxil

morphants, while the level of tbx2a transcript is not.



197

Table 5.1

Mean Foxil mo p value

tbx2a -0.00984 p<0.92

tbx2b 0.94118 p<0.01
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Figure 5.1: Differential regulation of tbx2a/b by Foxil

(A-H) Expression of tbx2a (A-D) and tbx2b (G-H) at 3-somites (A,B,E,F) and at 6-
somites (C,D,G,H) in wild-type (A,C,E,G) and hearsay (B,D,F,H) backgrounds. (I-L)
Expression of foxil in Thx2a (J), Tbhx2b (K), and Tbx2a/b (L) morphant backgrounds.

All views are dorsal, with anterior to the top.
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Figure 5.2: tbx2a/b expression

tbx2a (A-F) and thx2b (G-L) expression at 30% epiboly (A,G), shield stage (B,H), 80%
epiboly (C,I), 6-somites (D,J), 24hpf (E,K), and 4dpf (F,L). (A,B,G,H) are lateral views
with dorsal to the right, (C,D,l,J) are dorsal views with anterior to the top, and (E,F,K,L)
are lateral views with anterior to the left. nc, notochord; Ip, lens placode; op, otic placode;

ov, otic vesicle; ret, retina.
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Figure 5.3: Tbx2a/b are required for proper otic formation

(A-E) In 30hpf controls (A), an otic vesicle forms that is oval in shape and contains to
round otoliths. (B,C) Thx2a morphants (B) and fby mutants (C) form smaller otic
vesicles with irregular shaped otoliths. (E) Knockdown of Thx2a in fby mutants ablates
otic formation. (E,F) Combined loss of Thx2a (E) or Thx2b (F) and Foxil result in a
more severe otic phenotype than single loss of Thx2 function. (G-1) By 3dpf, the canal
system within the inner ear is visible (G). In Thx2a morphants (H) and fby mutants (1),
these canals are disorganized. Insets in (A-C, G-I) are high magnification images of the

posterior otolith. All views are lateral with anterior to the left.
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Figure 5.4: Tbx2a/b lie upstream of pax8

(A-F) Loss of either Thx2a (B,E) or Thx2b (C,F) is sufficient to prevent otic expression
of pax8. (G-J) Loss of Pax8 has no effect on tbx2a (G,H) or tbx2b (1,J) expression. (K-
M) The otic phenotype observed in combined loss of Pax8 and Thx2a (L) or Thx2b (M)
IS no more severe than loss of Thx2a or Thx2b alone. (A-C) Bud stage dorsal views with
anterior to the top. (D-J) 6-somite dorsal views with anterior to the top. (K-M) 30hpf
lateral views with anterior to the left. mhb, midbrain-hindbrain boundary; arrows denote

loss of expression from the otic placode.
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Figure 5.5: tbx2a/b act in a pathway parallel to dIx3b/4b

(A-D) Loss of DIx3b/4b has no effect on tbx2a (A,B) or tbx2b (C,D) expression. (E-G)
Loss of either Tbx2a or Thx2b increases the severity of the DIx3b morphant phenotype.
(E) DIx3b morphants develop an otic vesicle that lacks an otolith. (F) Combined loss of
Thx2a and DIx3b ablates otic vesicle formation. (G) Combined loss of Thx2b and DIx3b
results in an otic vesicle that lacks otoliths. (A-D) 6-somite dorsal views with anterior to

the top. (E-G) 30hpf lateral views with anterior to the left.
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Figure 5.5
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Figure 5.6: The role of Tbx2a/b in otic gene expression
Expression of cldna (A-D), fgf24 (E-H), pax2a (I-L), and sox9a (M-P) in Thx2a
(B,F,J,N), Thx2b (C,G,K,0) and Thx2a/b (D,H,L,P) morphants. Dorsal views of 6-

somite embryos with anterior to the left.
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Figure 5.7: Tbx2a/b specify the anterior and lateral domains of the otic vesicle
Expression of otolin (A-C), omp (D-F), pax5 (G-I), and fst (J-L) in Thx2a (B,E,H,K) and
Tbhx2b (C,F,I,L) morphants. (A-F) 24hpf embryos (G-L) 36hpf embryos. All views are

lateral with anterior to the left.
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Figure 5.8: Tbx2a/b and Fgf24 are required for hindbrain neurogenesis

(A-C) krox20 (red) and hnfl (purple) expression reveal that hindbrain patterning is
normal in 9-somite Thx2a/b (B) and Fgf24 (C) morphants. (D-F) pax2a expression
reveals that hindbrain interneurons are lost from 24hpf Thx2a/b (E) and Fgf24 (F)
morphants. (G-1) Motor neurons in 24hpf Tg(isl:GFP) zebrafish are disorganized in
Thx2a/b (H) and Fgf24 (I) morphants. (J-O) The Mauthner neuron cannot be detected in
36hpf Thx2a/b (K,N) and Fgf24 (L,0) morphants. All views are dorsal with anterior to
the left. mif, medial longitudinal fasiculus; ov, otic vesicle; arrows denote defects in

neurogenesis.
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CHAPTER 6

General conclusions
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Most models of embryonic patterning posit that the passive diffusion of
morphogens from their signaling centers create a gradient of signaling activity that
decreases over distance (Kimelman, 2006; Neave et al., 1997; Nguyen et al., 1998; Schier
and Talbot, 2005; Tribulo et al., 2003). While there is no doubt that simple morphogen
gradients are essential in some aspects of embryonic patterning, recent interest in the self-
regulative capabilities of the embryo has begun to suggest that signaling requirements
during embryogenesis are far more complex than previously thought (Ambrosio et al.,
2008; Hagos and Dougan, 2007; Rentzsch et al., 2006; Reversade and De Robertis, 2005;
Serpe et al., 2008; Tucker et al., 2008). The identification that the ventral and dorsal
organizers are capable of compensating for the loss of the other through complex positive
and negative feedback mechanisms demonstrates that the establishment of morphogenetic
gradients is not a passive process (Kimelman and Pyati, 2005; Reversade and De
Robertis, 2005). The feedback mechanisms regulating this signaling, and the interaction
of secreted morphogens with their antagonists, allows an embryo to convert a relatively
simple diffusion gradient into one that varies depending on spatial-temporal contexts.
Our work further illustrates the dynamic changes in signaling, as well as signaling
requirements, that occur throughout the course of embryonic development.

In Chapter 2, we have shown that requirements for BMP signaling change
throughout development. The patterning of mesoderm across the DV axis is primarily
established by a gradient of BMP activity that is highest on the presumptive ventral side
of the gastrula and lowest dorsally (Kishimoto et al., 1997; Lele et al., 2001; Melby et al.,
2000; Mullins et al., 1996; Willot et al., 2002). Mesoderm positioned in the dorsal

organizer receives little BMP activity, and is fated to become axial mesoderm. We
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demonstrate that dorsal-most mesoderm possesses a requirement for Bmp4 that begins
during late gastrulation. Contrary to static BMP gradient models, our results reflect the
changing dynamic of BMP activity as gastrulation proceeds. Although mutagenesis
screens for genes involved in DV patterning have yielded useful information about the
role of the BMP pathway, they fail to encompass all requirements of BMP activity during
embryogenesis. Requirements for BMP activity in tissue patterning can be masked by
earlier roles in establishing embryonic polarity.

Previous work by Agathon and colleagues (2003) identified the presence of a
ventral, or tail, organizer in zebrafish. This region of cells lies 180° from the dorsal
organizer, and is the likely source of BMP ligands during gastrulation. As gastrulation
proceeds, the two organizing centers migrate into proximity with one another. Following
gastrulation, these two organizing centers contribute to the tailbud, a progenitor pool
responsible for the coordinated outgrowth of ecto- and mesodermal derivatives that
comprise the tail (Agathon et al., 2003; Kanki and Ho, 1997). Embryological
manipulation and loss of function studies both demonstrated that although the two
organizers share proximity, they contribute to distinct structures within the tail. For
example, the ventral organizer is responsible for the outgrowth of non-axial mesoderm
and non-neural ectoderm, while axial mesoderm and neural ectoderm depend upon the
dorsal organizer. In Xenopus and zebrafish, the misexpression of ventral or dorsal
organizer-derived morphogens is capable of inducing ectopic paraxial or lateral
mesoderm and axial mesoderm, respectively (Agathon et al., 2003; Gont et al., 1993;

Pyati et al., 2005; Tucker and Slack, 1995).
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Formation of an ectopic tail containing both axial and non-axial mesoderm cannot
occur without substantial contribution from both organizing centers. Thus, although
dorsal and ventral organizers give rise to different structures within the tail, these
derivatives likely must integrate signaling from both organizers to develop properly. Our
results demonstrate that axial cells require ventrally-derived BMPs for both regulation of
fate assignment as well as proliferation. When wild-type cells are transplanted into
embryos that are not competent to respond to BMP signaling, the donor cells
preferentially populate axial structures. Our results provide a likely mechanism of how
ventral and dorsal organizer-derived cells communicate to promote outgrowth of a tail
that contains the full complement of ecto- and mesodermal derivatives.

Unlike the initial roles of BMP signaling in DV patterning, little is known about
signaling events that occur during tail specification and outgrowth. This is because
selection parameters in early mutagenesis screens for embryonic patterning defects were
focused on easily definable, gross morphological defects. For example, the DV
patterning defects observed in BMP pathway mutants mask potential later, milder, roles
of BMP signaling in embryonic development (Hammerschmidt et al., 1996a; Mullins et
al., 1996). Furthermore, the same screens have been used to identify genes involved
chordamesoderm specification and tail outgrowth, with similar consequences to the
elucidation of later, more subtle roles. For example, although flh is expressed in
chordamesoderm from mid gastrulation through 24hpf, chordamesoderm is not present in
this mutant (Talbot et al., 1995). Similarly, the severe tail outgrowth defects observed in
ntl mutants preclude any examination of tailbud fate specification or tissue interaction in

these embryos (Halpern et al., 1993).
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In addition to its contributions to the notochord, cells from the CNH give rise to
floor plate and tailbud mesoderm (Cambray and Wilson, 2002; Charrier et al., 1999;
Davis and Kirschner, 2000). Although elevated BMP activity leads to an overall increase
in the size of the CNH, CNH-derived tissues are not equally affected by the increase in
precursor cells. While the expression domains of tailbud ecto- and mesoderm genes are
increased in Fstl1/2 morphants, these embryos display no appreciable defects in tail
morphology. It is likely that BMP ligands confer differential fate assignment upon
tailbud precursors. Bmp4 may uniquely affect axial development, while other BMPs
such as Bmp2b/7 affect development of other tailbud tissues. The combined influence of
these signals may be required to promote the development of the full range of CNH
derivatives within the tailbud.

Several techniques will prove invaluable in the future examination of these
interactions. Fate-mapping of cells within the tailbud would reveal the origin of each
tissue, and potentially provide evidence for a niche population of stem cells that
contribute to each tissue type. Additionally, these cells could be labeled and traced under
conditions of varying BMP activity, either through Bmp4 knockdown or tBR inactivation,
to determine the exact requirements of BMP signaling on fate assignment within the
CNH.

It is clear that, in addition to BMP signaling, other signaling molecules are also
essential for posterior mesoderm formation. Signaling from FGF, Nodal, and WNT
family members promote axial and paraxial development, notably through the regulation
of the T-box transcription factors ntl, spt, and tbx16 (Amacher et al., 2002; Amacher and

Kimmel, 1998; Griffin et al., 1995; Griffin et al., 1998; Griffin and Kimelman, 2002;
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Griffin and Kimelman, 2003; Martin and Kimelman, 2008; Schulte-Merker and Smith,
1995; Yamamoto et al., 1998). Although the specification of these mesodermal
territories occurs during gastrulation, members of all three signaling pathways are
expressed in the CNH during somitogenesis (Komoike et al., 2005; Marlow et al., 2004;
Munchberg et al., 1999; Scholpp et al., 2004; Thisse et al., 1995; Zhang et al., 1998),
suggesting that they also play critical roles in assigning fate to the CNH. The use of
small molecule inhibitors of FGF and Nodal signaling, as well as the transgenic
hsp701:fgf8 and hsp70l:Atcf3-GFP zebrafish lines, will allow us to determine the effects
of manipulating signaling within the CNH on fate assignment.

The recent generation of photocleavable morpholinos will allow the better
understanding of a gene’s role in the context of tail outgrowth (Shestopalov et al., 2007).
Although processed like a traditional morpholino, photocleavable morpholinos remain
inactive until uncaged with light from a 380nm laser. In this way, only cells exposed to
the laser beam inhibit translation of the target gene. This will overcome morphological
defects outside the area of interest when determining the role of genes such as ntl and fih.
Systematic inactivation of a gene in a small population of axial cells throughout the tail
can be performed to determine what spatial roles these genes play in tail outgrowth.
Similarly, cells within the CNH could be targeted, and the subsequent effects on tissue
contribution could be assayed.

As several BMP receptors are expressed throughout the tailbud, cells in this
region are likely competent to respond to BMP signaling (Bauer et al., 2001; Monteiro et
al., 2008; Nikaido et al., 1999a; Nikaido et al., 1999b). What, then, drives cell fate

choice within this domain? The answer likely lies with the interaction of PSMAD1/5/8
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and tissue-promoting transcription factors that have begun to be expressed earlier in
gastrulation. Evidence from Xenopus has revealed that the orthologue of Ntl, Xbra,
interacts with the C-terminus of PSMAD1 (Messenger et al., 2005). This interaction
allows transcriptional activation of the BMP target gene vox. Through the transcriptional
repression of gsc, Vox prevents axial mesoderm from becoming prechordal plate
(Messenger et al., 2005). As the prechordal plate is not expanded in ntl mutants (Halpern
et al., 1997; Halpern et al., 1993; Schulte-Merker et al., 1994), it is likely that
PSMAD1/5/8 interact with other chordamesodermal transcription factors to repress the
development of chordamesoderm.

In the future, it will be interesting to determine how cells in the tailbud become
fated to contribute to axial versus non-axial mesoderm. Although promoter analysis of
axial genes may reveal if they require BMP activity, it will not elucidate how these
proteins interact with PSMAD1/5/8. To determine the full range of BMP interactions
that occur within the tailbud, it will be necessary to immunoprecipitate PSMAD1/5/8 and

probe with antibodies against known axial regulators.

In Chapter 3, we demonstrate that BMP requirements change within border
ectoderm to subdivide neural crest and PPR domains. This is interesting, as the initial
establishment of the border region appears to require BMP signaling. Fate mapping
studies have demonstrated that cells lateral to the neural plate arise from a region of
ectoderm that is positioned slightly more ventral than that of presumptive neural plate
(Kozlowski et al., 1997). Furthermore, the expression of all known border genes,

including members of the DIx, Fox, and Msx gene families, require BMP signaling to be
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expressed. Direct requirements for BMP signaling have been demonstrated in cell
culture with mouse DIx3 (Park and Morasso, 2002), while in vivo requirements have been
demonstrated in Xenopus and zebrafish (Feledy et al., 1999; Luo et al., 2001; Pera et al.,
1999). For example, the zebrafish bmp2b (swirl) mutant does not express dIx3b within
border ectoderm or in subsequent PPR (Nguyen et al., 1998).

The observation that the border region lies between the neural plate and
epidermis, regions that require low and high levels of BMP activity, respectively, has led
to a passive diffusion model of BMP activity in the establishment of ectodermal domains
(Nguyen et al., 1998; Tribulo et al., 2003). In this model, cells on the ventral side of the
gastrula receiving the highest levels of BMP activity become epidermis, cells more lateral
to epidermal precursors receive less BMP activity and become border tissue, while cells
most dorsal receive the least BMP activity and become neural plate. This passive
diffusion model has been strengthened by the observation that in both loss and gain of
function analyses involving BMP signaling components, the neural crest is lost (Nguyen
et al., 1998; Tribulo et al., 2003). However, this does not take into account how PPR is
specified from the same tissue that also gives rise to neural crest. The PPR lies in
between neural crest and epidermis, and numerous studies have demonstrated the
requirement of low BMP activity in PPR specification (Bailey and Streit, 2006;
Schlosser, 2006; Streit, 2007). Thus, a model in which BMP activity patterns all
ectodermal cell types as it passively diffuses from the ventral organizer cannot account
for PPR specification.

Our results provide evidence for a complex, active model of BMP regulation in

the subdivision of border ectoderm. This is brought about through the transcriptional
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regulation of cv2 by DIx3b/4b. Although numerous biochemical studies have
demonstrated both pro- and anti-BMP roles of Cv2, the in vivo mechanism of this BMP
modulator is still poorly understood (Ambrosio et al., 2008; Bier, 2008; Heinke et al.,
2008; Moser et al., 2003; Moser et al., 2007; Rentzsch et al., 2006; Serpe et al., 2008;
Zhang et al., 2008). In areas of high concentration, Cv2 binds BMP receptors, preventing
interactions with Bmp4. When lower amounts of Cv2 are present the protein acts to
stabilize Bmp4-receptor interactions, thus promoting BMP signaling. Furthermore, Cv2
is capable of interacting with the BMP antagonist Chordin, forming a ternary complex
that also contains Bmp4 (Ambrosio et al., 2008; Bier, 2008; Serpe et al., 2008). This
affinity is increased 10-fold when Chordin has been cleaved by the Tolloid family of
proteases. These data paint a complex picture of BMP regulation within the embryo, and
likely represent only a small fraction of the actual mechanisms by which BMP activity is
regulated.

Although Cv2 is a secreted molecule, it does not travel over a distance of more
than a few cell diameters. This is due to a von Willebrand Factor D (VWFd) domain in
the C-terminus of the protein that interacts with heparin sulfate proteoglycans, raising the
possibility that Cv2 can act as a dual function BMP modulator at the resolution of one
cell diameter (Bier, 2008; Rentzsch et al., 2006; Serpe et al., 2008). Thus, it is possible
that in addition to lowering BMP activity within the PPR, Cv2 may promote BMP
activity in adjacent border ectoderm to levels necessary for neural crest specification. In
support of this interpretation, Cv2 has been implicated in neural crest development in
chick (Coles et al., 2004). As tolloid is expressed in the neural crest domain of Xenopus

and zebrafish (Connors et al., 1999; Goodman et al., 1998), Cv2 is an attractive candidate
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as a BMP modulator that plays multifunctional roles, including inhibiting Bmp4 within
the PPR and also in promoting Bmp4 signaling in adjacent neural crest.

All studies that examine the anti-BMP role of vertebrate Cv2 have been in vitro or
performed in a way that potentially disrupt embryonic patterning and exaggerate the anti-
BMP role of Cv2 (Ambrosio et al., 2008; Coles et al., 2004; Moser et al., 2003; Rentzsch
et al., 2006). It would be therefore interesting to generate transgenic zebrafish where cv2
expression is driven in specific tissues. This would be followed by generation of Cv2
truncations that are unable to interact with Chordin-Bmp4 complexes, and the resulting
effects on border ectoderm subdivision could be examined. Alternatively, the role of the
VWFd domain could be removed in some truncations to determine whether diffusion of
Cv2 away from the PPR expands or shrinks this domain. A major caveat of these ideas is
that, in order to examine the effects of Cv2 on PPR and neural crest specification, the
promoter of a gene expressed universally throughout border ectoderm must first be
characterized. Although extensive effort has been expended to define such a promoter
element, these sequences are not currently known (A. Fritz, unpublished observations).
However, the promoters of genes expressed slightly later in specified PPR and neural
crest have been identified. These include the pksl and foxd3 promoters (A. Fritz,
unpublished observations; Gilmour et al., 2002). Although these promoters drive
expression at a time at which PPR and neural crest domains are likely determined,
alteration of BMP activity levels by misexpression of cv2 may cause subtle defects in
PPR or neural crest domains.

Evidence from our loss of function and interaction analyses as well as the

prolonged expression of cv2 within pre-otic cells suggests that in addition to inhibitory
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effects on PPR establishment, BMP activity is also detrimental to early phases of otic
induction. As dIx3b/4b and cv2 expression are gradually restricted to the otic placode, is
there a gradation of increased BMP activity as distance from the otic placode increases?
Although this seems likely, it is unclear what effect altering this gradient has on the
induction of surrounding placodes. Markers of other placodal identities, such as six3 in
the lens placode, have been shown to play active roles in BMP inhibition (Cvekl and
Duncan, 2007; Gestri et al., 2005), raising the possibility that each placode utilizes a
mechanism to inhibit BMP signaling during the earliest stages of induction. It would be
interesting to locally apply BMP inhibitors in interspersed regions along the PPR to
determine whether this inhibition alters placodal fate.

In our gain of function experiments, ectopic expression of dix3b or cv2 induced
competence to respond to FGF signaling, as observed through the expression of FGF
feedback molecules. As high FGF and low BMP activity levels are critical in PPR
establishment (Bailey and Streit, 2006; Schlosser, 2006; Streit, 2007), it is no surprise
that we also observe expression of PPR markers in cells ectopically expressing dIx3b or
cv2. It is unclear, however, why we do not also observe otic marker expression in these
cells. There are several possible explanations for this observation.

Studies from a variety of vertebrates have illustrated that FGF signals emanating
from the hindbrain and underlying mesoderm are essential for otic induction. Zebrafish
Fgf3/8 are required in this process (Leger and Brand, 2002; Phillips et al., 2001; Solomon
et al., 2004), and to our knowledge, otic induction cannot occur through other FGF
molecules. As cells ectopically expressing dIx3b or cv2 are not within the proximity of

these tissues, otic induction may not occur even though PPR fate is specified.
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It is also possible that these cells do acquire a placodal identity although it is not
otic. Evidence from placodal specification in chick suggests that all PPR cells possess a
default “ground” state, where in a neutral environment these cells adopt a common
identity (Bailey et al., 2006). Culture of chick PPR explants in such a neutral
environment causes them all to express markers consistent with the acquisition of lens
identity. Although cells ectopically expressing dIx3b or cv2 are not in a neutral
environment, it is possible that the location of these cells significantly alters the signaling
inputs received, which ultimately causes them to adopt an alternate placodal fate. It may
prove useful to examine other placodal markers in embryos ectopically expressing dIx3b

or cv2.

In Chapter 4, we have begun to analyze FGF ligand-receptor interactions in otic
development. Although the role of FGF signaling in otic induction is well characterized
(Ohyama et al., 2007; Schimmang, 2007; Schneider-Maunoury and Pujades, 2007), the
function of FGFRs in this process is largely unknown. Through epistasis analyses, it is
possible to dissect ligand-receptor interactions in vivo. Although these interactions
should be confirmed in vitro, sequence homology between the large family of FGF
ligands and small family of FGFRs present the possibility that promiscuous interactions
occur in vitro that would not be observed in vivo. Our data suggest that null mutations in
FGF ligands can be useful tools in identifying their complementary receptors. Null
mutations must be identified for at least one member of the interactive ligand-receptor
pair. Morpholino injection can be only used for one member of the pair, as it is difficult

to assess knockdown efficacy. Functional protein may still be produced in morphant
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embryos even though it is below detectable levels. The combined effects of two strong
hypomorphic backgrounds may generate false positives that would not be detected with a
null allele.

The expression of FGFRs during embryogenesis is dynamic. Although fgfrl/2/3
are expressed in pre-otic cells during late gastrulation through mid-somitogenesis, only
fgfrl/2 are expressed in the otic vesicle during late somitogenesis. It is unclear how
competence to respond to otic inducing signals is regulated. Like in the Hedgehog
signaling pathway (Denef et al., 2000; Lum et al., 2003; Nakano et al., 2004; Ruel et al.,
2003), it is possible that the expression of a particular FGFR is maintained through a
positive feedback loop initiated by the interacting ligand. This may not be the only
mechanism governing competence however, as fgfr3 expression is no longer detectable in
the otic vesicle after mid-somitogenesis. Thus, competence to respond to otic inducing
signals likely originates from within pre-otic cells in response to another signaling
pathway.

The role of genes responsible for conferring competence onto pre-otic cells has
gone largely unaddressed in previous works. Competence factors are generally though to
be unaffected by the signaling pathway that they promote. As most genes identified in
otic induction are targets of FGF signaling, this leaves very few possible candidates.
Those that have emerged include DIx3b/4b. The expression of these genes is unaffected
in the complete absence of FGF signaling (Leger and Brand, 2002; Phillips et al., 2001),
and are activated by BMP signaling as previously mentioned. Furthermore, disruption of
these genes inhibits the expression of the FGF target genes pax2a and sox9a (Liu et al.,

2003; Solomon and Fritz, 2002; Solomon et al., 2004). Loss of functional DIx3b/4b does
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not affect fgf3/8 expression (Liu et al., 2003; Solomon and Fritz, 2002; Solomon et al.,
2004), suggesting that if DIx3b/4b do confer otic competence, they do it through another
means.

In Chapter 3, we demonstrated that DIx3b/4b play an indirect role in mediating
FGF competence during early somitogenesis through inhibition of BMP activity. The
mechanisms behind this inhibition are still unclear. It is likely that BMP signaling
activates transcriptional repressors that block fgfr expression. Mechanisms of BMP-
mediated opposition of FGF activity have been observed at the level of ligand expression,
where BMP activity represses Fgf4 expression in the apical ectodermal ridge of mouse
(Ganan et al., 1996; Pizette and Niswander, 1999; Zuniga et al., 1999). The presence of
ectopic FGF feedback markers in cells ectopically expressing dIx3b/4b and cv2
strengthens our model that low levels of BMP activity are required to promote FGF
competence. As BMP and FGF signaling play opposing roles in specification of neural
versus non-neural ectoderm (De Robertis et al., 2000; Massague, 2003; Sakai, 2008;
Weinstein and Hemmati-Brivanlou, 1999), it would be interesting to examine the
expression of epidermal markers in DIx3b/4b morphants to determine if the hindbrain has
transfated into epidermis as the result of dampened FGF activity. Although FGF activity
returns to normal during mid-somitogenesis in DIx3b/4b morphants, hindbrain patterning
and neuronal specification should be more closely examined to determine whether the

transient loss of FGF activity results in severe patterning defects.

fgf3/8, dIx3b/4b and foxil have been independently described as three of the

earliest molecular components required for otic placode formation in zebrafish (Leger
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and Brand, 2002; Liu et al., 2003; Phillips et al., 2001; Solomon and Fritz, 2002;
Solomon et al., 2003; Solomon et al., 2004). Combined loss of function of DIx3b/4b and
Foxil produces a strong synergistic effect on otic development (Solomon et al., 2004),
suggesting that these components function in independent pathways. The loss of pax8
expression when foxil is compromised suggests that Foxil acts during the earliest stages
of otic development (Solomon et al., 2003).

In Chapter 5, we have begun to analyze two novel factors, tbx2a/b, that are also
required for proper otic induction. Interaction analyses between Thx2a/b and both Foxil
and DIx3b/4b suggest that Thx2a/b act in a novel third pathway of otic placode
formation. As observed by the loss of pax8, Thx2a/b likely function during a stage of
otic development similar to that of Foxil. However, unlike Foxil (Solomon et al., 2003;
Solomon et al., 2004), otic markers at later stages are also disrupted in Thx2a/b
morphants, suggesting that Thx2a/b are required over multiple stages of otic
development.

To address the respective roles of Thx2a/b and Foxil during pax8 induction, the
interactions between foxil and tbx2a/b in pre-otic cells must be defined. Loss of Foxil
does not ablate tbx2a/b expression from otic cells, indicating that Foxil does not act
directly on tbx2a/b. Rather, Foxil may remodel chromatin to permit transcription of
tbx2a/b as well as pax8 because all Fox proteins contain a highly conserved DNA binding
domain whose structure is remarkably similar to the winged helix structures of histones
H1 and H5 (Burley et al., 1997; Cirillo et al., 1998; Clark et al., 1993; el-Deiry et al.,
1992). The chromatin of cell lines transfected with zebrafish foxil become more

susceptible to treatment with DNasel, suggesting that Foxil stably remodels chromatin
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structure (Yan et al., 2006). Furthermore, when mapping 134 putative Foxil consensus
sites to the zebrafish genome, less than 20 were found to be located within 10 kb of a
putative transcriptional start site (Zeng et al., 2008). As a Foxil consensus is not found
upstream of the pax8 or tbx2a/b transcriptional start sites (not shown), Foxil likely acts
through chromatin remodeling.

To determine how Foxil and Thx2a/b interact to regulate pax8, it will first be
necessary to determine whether Thx2a/b are sufficient for pax8 expression. If ectopic
tbx2a/b can drive ectopic pax8 expression, then it will be necessary to determine ectopic
pax8 can be induced even in the absence of Foxil. The role of Foxil as a general
chromatin remodeling factor may offer an explanation as to why ectopic Foxil cannot
induce ectopic otic vesicles, as it may only permit the transcription of some otic genes
through the remodeling of chromatin.

Recent evidence has begun to suggest that proper development of the ear requires
integration of multiple signaling families. In addition to the inductive and maintenance
phases of FGF signaling, studies in chick and mouse have demonstrated that WNT
signaling is also critical in specifying the size of the otic placode (Freter et al., 2008;
Jayasena et al., 2008; Ladher et al., 2000; Ohyama et al., 2007). In the absence of WNT
activity, the otic placode is induced, but the resulting otic vesicle is reduced in size while
cranial epidermis is expanded. Conversely, hyperactivation of WNT signaling increases
the size of the otic vesicle at the expense of cranial epidermis (Ohyama et al., 2007). The
Thbx2 genes are attractive candidates for the regulation of WNT competence within the
otic placode for several reasons. First, Tbx2b appears to regulate WNT activity during

neural tube closure. Thx2b morphant phenotypes can be mimicked by knocking down



230

the WNT receptor Fzd7a. Furthermore, overexpression of fzd7a mRNA in a Tbx2b-
deficient background can rescue cell migration defects, suggesting that Thx2b mediates
competence to respond to WNT signaling through the regulation of fzd7a (Fong et al.,
2005). Second, fzd7a/b are expressed in the otic placode during early to mid-
somitogenesis (overlapping with tbx2a/b) (Witzel et al., 2006), suggesting that WNT
activity is required during zebrafish otic development at stages analogous to the
requirements observed in chick and mouse. Finally, in the context of other epithelial
placodes, notably the mammary placode, FGF signaling has been demonstrated to be
critical in the initiation of Thx gene expression, which then acts to mediate WNT
signaling (Andl et al., 2002; Boras-Granic et al., 2006; Davenport et al., 2003; Eblaghie
et al., 2004; Howard and Ashworth, 2006). We are beginning to address the role of

tbx2a/b in pax8 induction as well as WNT signaling.

In this work, we have demonstrated tissue-specific mechanisms for regulating
signaling activity. In particular, we demonstrate the strategies that two tissues,
chordamesoderm and PPR, utilize to modulate BMP activity to appropriate levels for
further development. Although there are direct consequence of inappropriate BMP
activity on these tissues, we demonstrate that BMP misregulation can further disrupt
subsequent signaling events. In chordamesoderm, increased BMP activity levels during
late gastrulation elevate Hedgehog signaling from a major midline signaling center, the
notochord. Inthe PPR, BMP activity must be attenuated to maintain competence to
respond to FGF signals within the otic placode as well as the hindbrain. Our work adds

to the increasing numbers of studies that demonstrate that signaling events within a
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particular pathway do not occur in isolation. As transcription factors within the
responding cell possess the ability to respond to multiple signaling cues and further
mediate developmental events, it is critical to further characterize their roles in

integrating inputs from multiple signaling centers.
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