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Abstract

Jekyll/UDP-glucose dehydrogenase is required for cardiac valve,
semicircular canal, and cartilage development in zebrafish.

Emily Cecile Walsh

Cardiac valve formation is a complex process that involves cell signaling events
between the myocardial and endocardial layers of the heart across an elaborate
extracellular matrix. These signals lead to dramatic morphogenetic movements and
transdifferentiation of the endocardial cells at chamber boundaries. In this thesis, I
analyze the most severe valve mutation identified to date in zebrafish, jekyll. I show,
through examination of an endothelially-restricted GFP transgene, that heart valve
initiation is deficient in jekyll mutants. Through positional cloning, I demonstrate that the
Jjekyll mutation disrupts a vertebrate homologue of Drosophila Sugarless, an enzyme
required for heparan sulfate, chondroitin sulfate and hyaluronic acid production. In
Drosophila, Sugarless function has been shown to be important for both Wg and Fgf
signal transduction. I show that atrioventricular border cells never differentiate from
their neighbors in jekyll mutants, suggesting that Jekyll is required in a cell signaling
event that establishes a boundary between the atrium and ventricle.

Jekyll mutants also exhibit defects in semicircular canal formation and in alcian
staining for sulfated proteoglycans in the developing arches and fins. Despite these
defects in alcian staining, many molecular aspects of chondrocyte differentiation occur

normally. However, proper morphogenesis of the arches fails to occur and the

vi



morphogenetic defects present greatly resemble those found in knypek/glypican and
pipetail/wnt5a mutants. This suggests that in the branchial arches, Jekyll may function in
the WntSa pathway and act to modify the heparan sulfate proteoglycan, Glypican.

In the case of the heart, Jekyll activity does not seem to be required for Fgf or
Wnt signalling but rather may function in the Neuregulin signalling pathway. I have

begun experiments to address this possibility and those are detailed herewith.
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Introduction

The vertebrate heart is initially composed of two cell layers, an outer muscular
myocardium and an inner endocardium that connects the heart to the vasculature. Much
attention has been focused toward understanding not only the initial induction of these
two cell types, but also the ensuing morphogenesis that results in the formation of a
multi-chambered, beating organ. As the construction of the vertebrate heart is an
intricate process, genetic analysis has been particularly effective in its study. In fact,
some of the most illuminating work in the field of heart development has employed
genetic techniques including forward screens for heart defects in zebrafish and targeted
gene disruption in mouse.

One of the most powerful approaches to understanding any biological problem is
a genetic screen. For this reason, the zebrafish is an excellent system for studying heart
development. This is largely due to its relatively short generation time, external
fertilization, and transparent early embryonic development. Not only can one isolate
novel players in cardiac development through forward genetic screens in zebrafish, but

one can also delineate entire signalling pathways through modification or suppression

screening. Two large scale morphological screens!+2 and one small scale molecular

screen in zebrafish have isolated 136 mutations that perturb heart development and
provided a genetic framework for the morphogenetic pathway leading to the formation of
a functional adult heart.

This thesis will discuss the molecular characterization and cloning of one of these

mutations, jekyll. jekyll mutant embryos lack atrioventricular (AV) valve formation, as



well as exhibiting defects in semicircular canal and cartilage formation. As1 will
describe herewith, a synteny cloning approach allowed the isolation of the jekyll gene
which encodes a homologue of the UDP-glucose dehydrogenase/Sugarless enzyme.
UDP-glucose dehydrogenase is required to convert UDP-glucose into UDP-glucuronate,
a basic building block of hyaluronic acid and heparan and chondroitin sulfate
glycosaminoglycans (Fig. 1). However, even before jekyll's genetic identity was known,
the defects present in mutant embryos led us to hypothesize that Jekyll might be required
for the production of glycosaminoglycans. In this introduction, I will first describe the
steps of wildtype heart development in zebrafish, making comparisons, where
appropriate, with similar steps in mouse and chick development. Next, I will detail what
is currently known about the roles of glycosaminoglycans in the development of cardiac

valves, semicircular canals and branchial arches.

Heart Formation

Gastrulation

Fate mapping studies in several model organisms have defined the heart

precursors at early stages in development4-6 (F ig. 2). At the onset of gastrulation in
zebrafish, the bilateral domains of cardiac precursors are located 90 degrees from the
future dorsal side 6. The heart precursors involute early during gastrulation and join with
the rest of the mesoderm in its convergence toward the developing axis (Fig. 2). At the
end of gastrulation, the myocardial anlagen are located in the anterior lateral plate
mesoderm where they begin to show signs of differentiation. The myocardial-specific

homeodomain protein, Nkx 2.5, is expressed in these cells at this time, along with its



more widely expressed orthologue, Nkx 2.7 4 Also at this time, gata genes (4-6) are

even more broadly expressed throughout much of the anteroposterior extent of the lateral

plate.5

The murine equivalents of these precardiac cells are located distal and lateral to

the primitive streak as gastrulation begins at E6.5. The heart precursors also ingress with

other mesodermal derivatives into the primitive streak.6 They then leave the streak

anterolaterally and at the end of gastrulation can be found in the anterior lateral plate, like

their zebrafish counterparts (Fig. 2). At around E7.5, one sees nkx2.5 expression in the
heart primordia.” Murine gata genes are expressed slightly earlier (E 7.0) throughout the

headfold mesoderm that contains the cardiac progenitors.8.9

Secondary convergence and heart tube assembly

The heart progenitors are now set to undergo a second convergence from the
lateral plate mesoderm toward the midline where they will join to form a single tube.
Some of the most interesting mutations that perturb heart development affect this
convergence and result in the formation of two physically separate cardiac structures,
commonly referred to as cardia bifida. What makes these cardia bifida mutations so
striking is that many seem to affect the process in a cell non-autonomous fashion. That is
to say, these genes are not required in the cardiac mesoderm but rather in another tissue
that presumably interacts with the heart precursors. Study of these mutations has revealed

a critical role for endodermal derivatives in heart fusion.



The movements that elaborate a definitive heart tube have been documented in

zebrafish using both molecular and genetic analysis (Fig. 3).10 At 19 hours post-

fertilization (hpf), the two fields of myocardial precursors merge posteriorly to form a
horseshoe-shaped structure. The horseshoe transforms into a ring as anterior cells
migrate to close the circle. Next, the cardiac ring telescopes to form a tube. The
ventricular end of the heart tube assembles first in a medial location, followed by the
atrial end, which assumes a left-sided position. This leftward bias of heart assembly is the
embryo’s first morphological break in bilateral symmetry.

At around 19 hpf, the endocardial cells also converge at the midline of the

developing zebrafish embryo. There they form a sheet that underlies the myocardial

precursors.11 As the myocardium telescopes, the endocardium follows, lining the inside

of the developing tube. Subsequently, the endocardium connects seamlessly with the
endothelium lining the dorsal aorta. Intriguingly, the endocardium is not required during
early cardiac development. Work on the zebrafish cloche mutation, which perturbs

endocardial induction, revealed that early myocardial differentiation, as well as the fusion

event itself, proceed without consequence.12 However, myocardial function and, as I
will discuss later, AV boundary formation are defective in cloche mutants.

Murine myocardial movements are mainly similar. Cardiac fusion begins
between embryonic day 7.5 and 8 (E7.5-E8). As the left and right endoderm sheets
undergo ventral folding at the midline, they bring the bilateral myocardial and
endocardial precursors into proximity.13 Once near the midline, the bilateral heart

precursors fuse to form the definitive heart tube. Several studies have addressed the exact



manner by which the myocardial precursors form a single tube around the

endocardium.14:15 As in zebrafish, the ventricular end of the murine heart tube

assembles first, followed by the atrial end (Fig. 3). Also as in zebrafish, mouse embryos

lacking endocardium have apparently normal myocardial cells. 16

Looping morphogenesis
During the process of dextral looping, the heart tube undergoes a dramatic three-

dimensional reorganization. This looping event is conserved among all vertebrate

organisms studied to date. 17 In vertebrates with lungs, this rearrangement helps to align

the outflow tract over the left and right ventricles such that unoxygenated blood is sent to
the lungs and oxygenated blood is returned to the body. However, this cannot be the only
reason for the conservation of looping among vertebrates as some (e.g. zebrafish) do not
have lungs or four-chambered hearts. Nonetheless, these less complex hearts undergo the
same rightward bending. This fact leads to the hypothesis that looping is a prerequisite
for some other yet unidentified aspect of heart function.

At the end of tube assembly, the vertebrate heart is asymmetrically aligned, with
the atrium to the left of the midline (as seen in Fig. 3). At 33 hpf in zebrafish, the heart
bends back to the right, bringing the ventricle into a position ventral to the atrium, thus
completing looping morphogenesis in the zebrafish embryo. Murine looping is similar.
Around E9.5 the heart begins a sweeping dextral motion that positions the future right

and left ventricles side by side and ventral to the atria.



Valve formation

Valves form at three sites along the anteroposterior axis of the developing heart:
the outflow tract, AV boundary, and sinus venosus. Once formed, these largely acellular
structures serve to prevent retrograde blood flow through the heart. However, at early
stages these valve development sites are hotbeds of cell signalling, migration, and
proliferation.

At the three sites of valve initiation, a conversation occurs between the
myocardium and endocardium (Fig. 4). In vitro tissue recombination experiments in the
chick show that a subset of endocardial cells at the AV boundary are competent to
respond to a signal provided by the overlying myocardium (reviewed in 18). In response
to this signal, the endocardial cells undergo an endothelial-to-mesenchymal transition.
They then migrate into the extracellular matrix betweén the endocardium and
myocardium (also called the cardiac jelly). Once there, these cells form an endocardial
cushion that is later remodeled into a valve.

Zebrafish valve induction is initiated at around 36 hpf. At this time, the first

molecular indication of AV boundary differentiation is present, restricted expression of
the TGF-P family member, bmp4.18 As I will discuss below and in Chapter 3, jekyll

mutants can be identified molecularly at this very early stage as they lack this heightened
bmp4 expression in the AV boundary. At 43 hpf, using transgenic embryos that express
GFP under the fie2 endocardial promoter, one sees that endocardial cells have clustered at

the site of valve formation. It is at about this time that notchlb expression is restricted to

the endocardium of the valve.19 At 48 hpf, other signs of molecular differentiation are



apparent including the myocardial AV boundary-restricted expression of the fibulin-1
(encoding an extracellular matrix protc:in)20 and bri146 (versican).20 It is at this time

that the embryo becomes dependent on its valves to prevent retrograde blood flow.

In the mouse, valve formation is initiated around E9.5. Similar to the case in
zebrafish, bmp4 expression (as well as bmp2 and bmp?7) is restricted to the myocardium
overlying the developing valve. However, in the mouse and chick much work has
focused on the role of other TGF-f class signalling molecules in valve formation.

1gfBl, tgfB2, and 1gfB3 are expressed dynamically in the valve forming region
(reviewed in 22). In mouse, tgfB1 is initially expressed throughout the endocardium,

becoming restricted to the valve forming region at the time of cushion formation, while

1gfB2 is expressed in the overlying myocardium. rgfB3 is not expressed until after the
establishment of a cushion. In the chick, however, tgf2, and 1gf3 are expressed in both
layers, and tgf]33 is also expressed in the migrating endothelial cells. tgfBI has not been
analysed as yet. Like their expression patterns, the role of these genes in valve formation
is complex at best. Loss of function studies in the mouse21-23 suggest that there may be
some functional overlap between the various TGF-Bs. Single knockouts of tgfBl, tgf2,
or 1gfB3 do not result in the same drastic defects as seen in antibody-based
ligand/receptor inhibition experiments in chick.24-26

Results from an in vitro assay seem to suggest two different roles for TGF-f in

valve development: endocardial cell separation in the epithelium and endocardial cell



invasion of the cushion. However, just which TGF-P does what is still contested. For

instance, one group finds that TGF-B3 appears to function as an autocrine cell separation

signal in the endocardium.27 While another group finds that TGF-B2 plays that role.28
One difference may be in the timing of explant, as some results indicate that stage 14+

chick hearts have already induced the transformation event.27 However, most evidence

is consistent with the assertion that TGF -Bs are not the complete myocardial-to-
endocardial signal.

Morphogenetically speaking, valvulogenesis is much more complex in the mouse
and chick as it will lead to the formation of a four-chambered structure, rather than a
simple two-chambered one. The process that divides the heart in this manner is known as
septation (Fig. 5). Septation morphogenesis involves not only mesenchymal endocardial

cells but also migrating neural crest cells. However the relative contribution of each of

these cell types is still being analyzed and is well reviewed.29 As such I will limit my
discussion to the general morphogenetic movements.

Beginning at E9.5, endocardial cushions grow in from opposing sides of the AV
boundary, thereby bisecting this structure. This central AV cushion then experiences a
second phase of growth to partially bisect the atrium. Meanwhile, the outflow tract
cushions are undergoing growth to contribute to the ventricular septum. However, the

bulk of the atrial and ventricular septa are fashioned from fenestrated myocardial

outgrowths between the future left and right chambers.17 At E13.5, this complex process

is complete.



Trabeculation

Around E9.5 in mouse and 4 dpf in zebrafish myocardial cells in the ventricle
begin to make muscular outgrowths into the cardiac jelly (Fig. 6). These trabeculae are
thought to be important for the optimal performance of the ventricle. Interestingly, a
number of mutations in the mouse that perturb septation and/or valve formation also
affect the process of ventricular trabeculation. The jekyll mutation also falls into this
class as mutants exhibit dramatic defects in ventricular muscularization which will be

discussed in Chapter 3.

Glycosaminoglycans and development
Valve formation

One aspect of the jekyll mutant phenotype that seemed entirely consistent with a
Jekyll role in glycosaminoglycan production was the heart phenotype. At the time of our
initial mapping of jekyll, four mutations were known to perturb this process in mouse.
Three of these mutations affected genes which, in retrospect, relied on Jekyll for their
proper production, hdf; function, has2; or expression, bmp4.

The hdf (heart defect) mutation was identified as a recessive lethal insertion of a

lacZ containing transgene.30 Later cloning efforts showed that the Adf locus encoded the

chondroitin sulfate proteoglycan, Versican (Cspg2).3! As mentioned in the
introduction, chondroitin sulfate glycosaminoglycans include a UDP-glucuronate subunit,
which jekyll is required to produce.

Mice homozygous for the insertion die around day E10.5. This timing is

comparable to that of other AV valve mutants. Since the transgene that caused the



mutation contained the lacZ gene, expression analysis of the locus was possible prior to
cloning. Staining for beta-galactosidase activity was found throughout the
anteroposterior axis of the heart, with heaviest staining in the ventricles and outflow tract.
This expression is consistent with findings of outflow tract valve defects and reduced
right ventricular development in hdf mutants. However, this reported expression is
somewhat different from the br146 versican homologue in zebrafish, which is initially
expressed throughout the heart and then becomes restricted to the AV boundary (figure
15 and appendix 6). However, there is an EST in zebrafish, fc73b01, with sequence
similarity to versican that is not identical to br/46. The expression of this clone has not
been well examined. It is possible that like other duplicated genes in zebrafish, these two
versican genes have split the original expression domain during their divergence. It is
also possible that the appropriate stages of expression have not been directly compared as

expression of br146 is highly dynamic in the zebrafish.

In addition to the failed ventricular differentiation, hdf mutants lack proliferation

of matrix and cellular invasion at the AV boundary. Surprisingly, hdf-mutant AV

endocardial cells were competent to invade in an in vitro system.30 This result suggests
that some component of the collagen gel matrix in the in vitro system was able to
complement the loss of versican. This result is in stark contrast to the results of the

hyaluronic acid synthase 2 (has2) knockout.

Hyaluronic acid (HA) is a high molecular weight glucosaminoglycan polymer
synthesized by a family of plasma membrane-integral proteins. As a component of the

extracellular matrix, HA binds water and creates a voluminous, highly structured gel. In

10



addition to this architectural role, HA is also implicated in cell adhesion and migration.32
Has? is the earliest expressed of the three mammalian HA synthases (Has1-3), all three of

which appear to have similar activities.32 Loss of the has2 gene results in severe defects

in cardiac development that closely resemble those of the hdf mice discussed above.32

has2-null mice lack cardiac jelly production, ventricular trabeculation, and endocardial
cushion formation. has2-negative hearts also have severe reductions in outflow tract and
right ventricular tissue.

However, unlike the hdf phenotype, has2 mutant AV boundary explants cannot

invade a collagen matrix in vitro.32 This defect is rescued by transfection of the wildtype
gene into the explants or by the addition of exogenous HA to the culture
medium/collagen gel matrix. This observation suggests that the has2-negative
endocardial cells at the AV boundary are competent to invade the cardiac jelly, but
require Has?2 activity for migration to occur. Interestingly, has2 antisense morpholino
injections into zebrafish embryos appear to affect heart formation at an earlier stage as is
discussed in appendix 3.

The bmp4 knockout is of interest as, based on its expression pattern, it could act
as the proposed myocardial signal initiating endocardial migration 33.34, As mentioned
above, bmp4 is initially expressed throughout the myocardium, then its expression
becomes restricted to the myocardium overlying sites of valve formation before the
initiation of the endocardial clustering event in zebrafish and cushion formation in the

mouse. Jekyll activity is required for this heightened, restricted expression of bmp4 at the

valve.

11



Depending on genetic background, very few bmp4-mutant embryos survive to
day E10.5.35 Many homozygous mutant embryos show drastic retardation starting at the

egg cylinder stage, and most seem to be resorbed sometime between days E9.5 and
E11.5. Those few that do progress past egg cylinder stage have severe defects in
endocardial cushion formation. While matrix seems to be deposited at normal levels, the
cushions remain acellular. However, this observation warrants further investigation. As
the authors suggest, it is unclear whether these heart defects result from a direct
requirement of Bmp4 in the heart, or whether these embryos are simply delayed and
unhealthy. Unquestionably a tissue-specific knockout of the bmp4 gene is called for
here, as the authors suggest. This will be critical for ascertaining whether Bmp4 is the
myocardial signal for endocardial-to-mesenchymal transition, or whether it behaves in a

more complicated fashion at the valve.

Semicircular canal formation

Another of the striking features of the jeky!l phenotype is the absence of

semicircular canal formation in the developing otic vesicle36 (F ig. 7). Semicircular

canals form as protrusions from the anterior, posterior and medial aspects of the vesicle
wall meet and fuse in the center. In jekyll mutants, these protrusions occur but never
meet to fuse and form the semicircular canal. This phenotype is also seen upon injection
of hyaluronidase, an enzyme that degrades HA, into the developing otic vesicle in
Xenopus. These injection experiments in Xenopus have lead to the hypothesis that HA

functions as a propellant of the elongation of the semicircular canals as high

concentrations of HA have been localized to the tip of the protrusion.37 Additional

12



corroborating evidence for the role of HA in semicircular canal formation comes from
mouse and zebrafish experiments. has2 -/- mouse embryos lack semicircular canal
formation (J. Mc Donald, personal communication), as do has2 antisense morpholino

injected zebrafish embryos (Feng Liu, Woods Hole Embryology Course 2001).

Cartilage formation

The defects seen in the jeky!l mutant cartilage resemble those seen in several
mutations affecting the production of sulfated glycosaminoglycans or the proteoglycans
they decorate. The most striking similarities are found when comparing jeky!! and knypek
mutant phenotypes (chapter 4). knypek encodes a heparan sulfate proteoglycan core
protein, Glypican. Another class of mutations that resemble the loss of Jekyll function
are found in the diastrophic dysplasia sulfate transporter gene. Mutations in this gene in
mice and humans lead to dwarfism and a lack of alcian staining in the developing
cartilage. In human these mutations are causal for many different syndromes including

Diastrophic Dysplasia and Achondrodysplasia Type 1B (OMIM 222600, 600972).
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Figure 1. Glycosaminoglycan enzymatic pathway. (A) UDP-glucose dehydrogenase is
required for the production of glycosaminoglycan chains which are used in two ways by
cells. 1) The chains are directly secreted into the extracellular matrix in the form of
Hyaluronic acid. 2) Chondroitin and heparan sulfate glycosaminoglycan chains are
covalently attached to proteoglycan core proteins. (B) Diagram of the cellular
localization of UDP-glucuronate usage. First, UDP-glucuronate is used by Hyaluronic
acid synthase at the cell membrane. Second, UDP-glucuronate is incorporated into
growing glycosaminoglycan chains on proteoglycans. This presumably takes place in the
golgi although this process has been less well studied than that of glycoprotein

modification.
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Figure 2. Heart induction. At the onset of gastrulation in zebrafish, the bilateral domains
of cardiac precursors are located 90 degrees from the future dorsal side (top left). The
murine equivalents of these cells are located distal and lateral to the node as gastrulation
begins (top right). In both organisms, these cells involute early during gastrulation and
join the rest of the mesoderm as it converges toward the developing axis. At the end of
gastrulation, the bilateral myocardial anlagen are located in the anterior lateral plate
mesoderm (bottom left and right).
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Figure 3. Secondary convergence. In the zebrafish, secondary convergence begins at 19
hours post-fertilization (hpf) (left column, all views dorsal unless indicated otherwise).
The two fields of myocardial precursors merge posteriorly to form a horseshoe-shaped
structure. The horseshoe transforms into a ring as anterior cells migrate medially to close
the circle. Next, the cardiac ring telescopes out to form a tube. The ventricular end of
the heart tube assembles first, followed by the atrial end. Note the overt left-right
asymmetry of the zebrafish heart at the end of fusion. By 19 hpf, the endocardial cells
have converged at the midline. There they form a sheet that underlies the myocardial
precursors. As the myocardium telescopes, the endocardium follows, lining the inside of
the developing tube.

In the mouse, fusion begins around E7.5 (right column, ventral views, anterior to
the top). At this time, ventral folding brings the bilateral myocardial and endocardial
precursors into proximity. At the midline, these precursors fuse to form the definitive
heart tube. As in zebrafish, the ventricular end of the murine heart tube assembles first,
followed by the atrial end.

(Zebrafish panels adapted from Yelon et al., 1999, and unpublished data of Perens and

Stainier, mouse panels adapted from DeRuiter et al., 1992)
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Figure 4. Valve formation. (A) Valves form at multiple locations along the
anteroposterior axis of the developing heart (top panel illustrates two such positions,
outflow tract and AV boundary). At these sites endocardial cells undergo an epithelial to
mesenchymal transition and migrate into the extracellular matrix between the
myocardium and endocardium (panels 1 and 2). There, the cells form “endocardial
cushions” that are later remodelled to create flap-like structures (panel 3). The final
products of this process are fibrous, largely acellular structures (not shown) that serve to
prevent retrograde blood flow through the heart.

(B) In vitro recombination assays have elucidated some of the cellular interactions
that occur during this process. Sections of endocardium and myocardium taken along the
anteroposterior axis of the heart were recombined in a collagen gel matrix assay to test
the requirements for epithelial to mesenchymal transition. These experminents suggest 3
steps to the process. First, there is an endocardial prepattern (step 1). Only endocardial
cells taken from a valve forming region are competent to react in vitro. Second, there is a
myocardial pattern and signal (step 2). Endocardial cells require juxtaposition with
myocardium specifically from the valve forming region before epithelial to mesenchymal

transition can occur.
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Figure 5. Cardiac septation. The top row illustrates the process via a coronal section
through the ventricle, viewed ventrally. The bottom row shows septation via an oblique
cross section through the heart. At E9.5 in the mouse, endocardial cushions grow in from
opposing sides of the AV boundary, thereby bisecting this structure (B and F). This
central A-V cushion grows to partially bisect the atrium (G). Around the same time, the
outflow tract cushions are undergoing growth to contribute to the ventricular septum (D).
However, the bulk of the atrial and ventricular septa are fashioned from fenestrated

myocardial outgrowths between the future left and right chambers (C, D and G, H).
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Figure 5 Cardiac septation in mouse
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Figure 6. Trabeculation. (A) H&E stained section through the ventricle of an embryonic
chick heart. Around E9.5 in mouse and 4 dpf in zebrafish myocardial cells in the
ventricle begin to make muscular outgrowths into the cardiac jelly. These trabeculae are
also indicated in the schematized section in (B). (Section kindly provided by Jim

Bristow.)
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Figure 7. Semicircular canal formation. (A-D) Semicircular canals form as protrusions
from the anterior, posterior and medial aspect of the otic vesicle extend into the vesicle's
center and fuse. First, the anterior protrusion fuses with the medial followed by the
posterior protrusion's medial fusion. These schematic and bright field images show the
initial anterior-medial fusion event which occurs normally in wildtype (A,C; arrow), but
fails to occur in jekyll mutants (B, D). A, anterior; P, posterior; all views lateral, anterior

to left.
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Chapter 2 jekvll cloning
Large-scale screens in zebrafish have identified several mutations that affect

cardiac valve formation, the most severe of which is the recessive mutation jekyll2 To

gain further insight into the jekyil valve defect, I isolated the disrupted gene by synteny

cloning. I localized jekyll to a centromeric region of linkage group 1 using bulk

segregant analysis38 of embryos genotyped for polymorphic CA repeat markers. I then
performed fine mapping of the region with 15 polymorphic markers on 200 wildtype
haploid embryos, and found close linkage between jekyll and three of these markers.
Next, I genotyped an additional 1150 affected diploid embryos with those three markers.
Additionally, I genotyped recombinants by single strand conformation polymorphism
(SSCP) a difference in the 3’ untranslated region of the /db3 gene, for which an expressed
sequence tag (EST) had been mapped to the jekyll region by radiation hybrid (RH)
mapping. These studies allowed us to further narrow the jekyll interval to a 0.5
centimorgan region (Fig. 8).

Examination of the emerging map of the jekyll region revealed a remarkable
conservation of synteny with a region of human chromosome 4p. Taking advantage of
this conserved synteny, I mapped four zebrafish ESTs with homology to human genes in
this 4p region. One of these ESTs, corresponding to a homologue of the sugarless gene
(known as UDP-glucose dehydrogenase in humans and by convention, referred to as
ugdh hereafter), was found by radiation hybrid mapping to lie between two markers
closely flanking the jekyll locus. Sequence analysis of cDNA prepared from wildtype
and mutant embryos revealed a T to A change at base pair 992 in the mutant allele (Fig.

10 A). Genotyping for this change revealed no recombination between jekyll and the
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observed lesion in 2870 meioses.39 The T to A change results in an isoleucine-to-

asparagine substitution at residue 331 (Fig. 10 B). Isoleucine 331 is conserved in
Drosophila, human, and zebrafish Ugdh and is situated in a pocket of nonpolar amino
acids in the “hinge” of the omega loop “gate” that allows UDP-glucose access to the
active site of the enzyme (Fig. 10 C).40 This isoleucine-to-asparagine substitution is
likely to affect enzyme activity.

To directly assess whether enzyme activity was lost or reduced as a result of the
Jjekyll mutation, I began a collaboration with Dr. Andrew Pitsillides who had established
an in situ colorimetric assay for Ugdh activity on cryostat sections. Preliminary results
suggest that the jekyll mutation has severely reduced activity (data not shown). However
these results are hard to interpret for a number of reasons: 1) as our collaborator had
never worked with zebrafish, it was difficult to obtain similar sections from wildtype and
mutant embryos (as level of activity does appear to vary from tissue to tissue, this was the
major problem for comparison); 2) in at least one case our collaborator mistakenly
identified a non-jekyll mutant as jekyll; this "mutant" appeared to have wildtype levels of
activity (it was later shown to be wildtype by methylene blue staining). Further activity
analysis is ongoing, but no results were available at the time of preparation of this thesis.

Ugdh enzymatic activity is required for the conversion of UDP-glucose into UDP-

glucuronic acid, a critical component of hyaluronic acid, chondroitin sulfate, and heparan

sulfate glycosaminoglycans.4] Other mutations that affect the production of heparan

sulfate proteoglycans in vertebrates result in defects during gastrulation. These include a

targeted mouse mutation in the heparan sulfate glycosyltransferase, EXT142, and the
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zebrafish knypek mutation, which disrupts a Glypican homologue.43 The jekyll mutation,
which should affect the production of heparan sulfate at the earliest step in the pathway,
shows no obvious phenotype until organogenesis stages. One explanation for this
incongruity is that zebrafish ugdh mRNA is provided maternally. Indeed, wholemount in
situ hybridization analyses reveal the presence of ugdh mRNA at the 4-cell stage (Fig. 11
A), while zygotic transcription begins at the 1000-cell stage. Expression domains in the
otic vesicle, heart, and branchial arches in older embryos (30, 37, and 48 hpf
respectively) are consistent with the jekyll mutant phenotypes reported here and
previously (Fig. 11 E-H).36 Interestingly the maternal expression of ugdh may explain
one of the anomalous findings of the jekyll phenotype. While the branchial arch
phenotype which becomes apparent at 3.5 dpf is fully penetrant, the heart phenotype,
apparent at 43 hpf, is not. This could represent only a partial requirement of ugdh for
heart development, either due to functional overlap with another gene or from
background/environmental differences between embryos. However, I favor the

hypothesis that differences in loading of the maternal message are the cause of this
reduced expressivity.

Morpholino antisense “knockdown™#4 of ugdh translation phenocopies the jekyll
mutation (Fig. 12). Interestingly, this phenocopy can only be achieved by genetically
sensitizing the injected embryos. Such sensitization can be attained in two ways: by
halving the maternal product through the use of embryos generated from a cross between
a jekyll heterozygote female and a wildtype male, in which case 90% of the antisense-
injected embryos displayed the jekyll phenotype, or by halving the zygotic transcription,

i.e., use of embryos from a jekyll heterozygote male and a wildtype female, in which case
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35-50% of the antisense-injected embryos were affected. This sensitization is likely due
to the decrease of early ubiquitous maternal and zygotic expression of the jekyll gene.
Interestingly, the lack of an early phenotype in antisense-injected embryos suggests that
in addition to ugdh mRNA, Ugdh protein is also provided maternally, or that another
protein compensates for the lack of Ugdh, or even possibly that some maternal mRNA is
protected from antisense-mediated translational inhibition.

Sulfated proteoglycans and enzymes required for their production have been
implicated in human diseases that affect a variety of tissues and processes (glypican3/4 in
Simpson-Golabi-Behmel (OMIM 312870), diastrophic dysplasia sulfate transporter in
Achondrodysplasia type IB (600972), EXT1/2 in chondrosarcomas (215300),
xylosylprotein 4-beta-galactosyltransferase in Ehler-Danlos (130070), perlecan in
Schwartz-Jampel (255800), nyctalopin in congenital night blindness (310500),
CORNEAL n-acetylglucosamine-6-sulfotransferase in macular corneal dystrophy
(217800), proteoglycan 4 in CAP syndrome(208250)). Cloning of the jeky!l mutation
implicates proteoglycans and hyaluronic acid in another group of syndromes that affect
heart, ear, and cartilage development.

A number of complex human disorders affect heart, ear and craniofacial
development simultaneously. Three such disorders, Down syndrome, CHARGE
association, and Kabuki syndrome (OMIM 190685, 214800, and 147920), are hallmarked
by dysmorphologies analogous to those seen in zebrafish embryos mutant for the jekyll
gene. As the human UDP-glucose dehydrogenase gene maps outside the region normally
associated with Down and CHARGE syndromes, it is unlikely that ugdh itself is directly

involved in these disorders. Rather, mutations in this gene may act to modify the severity
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or penetrance of these and other multi-organ syndromes. It is worth noting that three

SNPs have already been identified in the human ugdh gene (2 in 3° UTR, and 1 intronic--

Fig. 13).45 These polymorphisms may have functional relevance in human disease.
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Figure 8. Mapping of the jekyll mutation. Integrated genetic and radiation hybrid (RH)
maps of the jekyll region illustrate the relationships between genes and CA-repeat “z”
markers. Numbers underneath the line indicate the number of recombination events seen
in 1150 diploid and 176 haploid embryos tested. Four zebrafish ESTs were chosen for
RH mapping as they encode homologues of genes near SLIT2, LDB3 and UCHLI on
human chromosome 4p. One of the four, a clone encoding a protein with 84% amino
acid identity to human UGDH, maps between slit2 and Idb3, two genes that flank the

Jjekyll locus.
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Figure 9. Sequence analysis of zebrafish ugdh. Full cDNA sequence of the ugdh gene
with jekyll lesion, sequencing and genotyping primers indicated. The zebrafish ugdh

cDNA sequence was deposited in Genbank under accession number AF361478.
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Figure 10. Protein sequence of Ugdh and jeky!l missense mutation. (A) Sequencing of
ugdh cDNA revealed a T to A change at base pair 992 in the jekyll mutant. This mutation
results in an isoleucine-to-asparagine substitution at residue 331. (B) Ile 331 sitsin a

nonpolar pocket of the enzyme as illustrated in this rasmol image of the bovine Ugdh

crystal structure.40 The isoleucine is green, the nonpolar amino acids are white and the

polar ones are blue. (C) Sequence alignment of bovine, human, mouse, zebrafish, and
Drosophila Ugdh. Red arrow points to conserved isoleucine for which asparagine is

substituted in jekyl! mutants.
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Figure 10
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Figure 11. In situ analysis of ugdh RNA expression. (A) Wholemount in situ

hybridization10 of a 4-cell stage embryo shows that ugdh mRNA is maternally provided

and initially ubiquitous. (B) Dorsal mesendoderm expression of ugdh is apparent in a
lateral view of a 90% epiboly embryo. (C) At the 6-somite stage, ugdh is expressed in
many cells at a low level, but appears more highly expressed in the cells of the hatching
gland rudiment (arrow). (D) At the same stage, a dorsal view reveals heightened
expression in the adaxial cells of the developing somites (arrow). (E) An optical cross
section through the hindbrain, heavy stain under brain is likely pharyngeal endoderm
(arrow). Lateral expression is otic vesicle(arrowhead). (F) At 30 hpf, the developing otic
vesicle (arrowhead) and branchial arches (arrow) express ugdh (dorsal view, anterior to
the left). (G) From 37 hpf onward, a low level of ugdh expression can be detected in the
developing heart (39 hpf shown, ventricle (V) and atrium (A) are indicated). (H) 48 hpf
embryos exhibit ugdh expression in developing jaw elements (arrows), as well as
continued expression in the otic vesicle (0) and fin bud (f) (lateral view, dorsal to the
right). At 72 hpf, ugdh expression is present in the region of the liver, here indicated with
arrows and shown in a dorsal (I) and lateral (J) view.
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Figure 12. Morpholino antisense targeting ugdh. tie2-GFP transgene allows visualization
of the first step in valve formation, endocardial clustering. (A-F) Antisense “knock-
down” of ugdh phenocopies the jekyll mutation (A, C, E, uninjected wildtype, B, D, F
morpholino-injected). (A, B) Injection of ugdh morpholino into sensitized embryos
causes a failure of AV valve formation, here illustrated by a failure of endocardial
clustering at the AV boundary in 43 hpf embryos. Examination at later stages reveals
that valve formation never occurs in morpholino-injected embryos, showing that the
defect at 43 hpf does not reflect a delay (C, D: 72 hpf; E, F: 96 hpf). Compare
morpholino phenotype with wildtype and jeky!l mutant at 48 hpf (G, H). Arrows indicate

the AV boundary in all panels.
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Figure 13. Common single nucleotide polymorphisms (SNPs) in human ugdh. Three
SNPs are present in the non-coding regions of human ugdh, two in the 3' UTR and one the

intron between exons 9 and 10. Sequence and polymorphisms are shown here.



Figure 13

1379819

intron 9
ATG stop 1046573 1450
| . | : |
1 1245 1563 2239 2821

gene 1-2950 (genbank AF061016)
cds 79-1563

1379819 intron between exons 9 and 10
TTCTGTTTTTTTGTT[ A/G) TTGCTATTGTTACAGTGTCCCGGCTC

1046573 3'utr bp 2239 (between 1°* and 2™ polyA)
AGGGAAGGACAGTCTTCATT] T/C] CTCCTGGTTATTGGTTTGTTT

1450 3'UTR bp2821 (between 2™ and 3™ polyA)
GATGTTTAATGCAAAC[ C/T] GTACATTCTCAGCAGAGCACAAGTA
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Chapter 3 jekvll heart
jekyll mutant embryos exhibit pericardial edema and toggling of blood between the '

two chambers of the heart (compare Fig. 14, A and B). Together these phenotypes are
generally indicative of defective AV valve function and are consistent with previous

observations that jekyll mutant hearts lack valve tissue at 48 hours post-fertilization (hpf)
(Fig. 14, C and D)2. To analyze endocardial morphology in vivo, I generated a line of

jekyll heterozygotes bearing an integrated mouse fie2 promoter driving green fluorescent
protein (GFP) expression in the developing endocardium 46 Normally, endocardial cells

cluster at the AV boundary at the onset of valve formation at 43 hpf (Fig. 14 E). However,

in mutant hearts this clustering fails to occur (Fig. 14 F) indicating that jekyll function is

required for this early endocardial morphogenetic event. -
As detailed in the introduction, explant experiments with embryonic chick tissues have

shown that valve formation requires precise patterning of the myocardium and

endocardium, as well as an inductive signal from the myocardium to the endocardium.47
To determine how jekyill affects cardiac valve development, I assessed the expression of A

early differentiation markers of the valve-forming region: bone morphogenetic protein

(bmp) 4, notch1b19, and br146 (a zebrafish versican homologue43). Initially all three

A4

genes are expressed throughout the anteroposterior extent of the heart. Later expression of
these genes is restricted to the valve-forming region (bmp4 and br/46 in the myocardium at
37 hpf and notchlb in the endocardium at 45 hpf). jekyll mutant embryos show defects in Lo
the expression of these genes (Fig. 15). While bmp4 and br/46 expression domains become

restricted from the atrium and largely from the ventricle, no heightened expression of these
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genes is detectable at the AV boundary of jekyll mutant hearts at any stage assayed from
36-48 hpf (48 hpf shown, Fig. 15 B, D and F, H). notchlb expression becomes initially b
restricted from the atrial endocardium of mutant hearts. However, at 45 hpf, notchlb

expression is elevated in the AV boundary of wildtype but not jeky!l mutant embryos
(appendix 6, Fig. 30).49 At 48 hpf, atrial restriction fails to be maintained in mutant hearts
and notchlb expression is again observed throughout the atrial and ventricular

endocardium (Fig. 15 L). Thus, jekyll functions early in the process of AV valve formation

and is required specifically in patterning the myocardium and endocardium at the AV

boundary. Furthermore, the myocardial patterning defects seen in jekyl! mutants are likely J
direct effects of the loss of Jekyll function as they are the first molecular defects to be
observed, while the later endocardial defects may be secondary to the lack of bmp4
restriction in the myocardium.

These data lead us to hypothesize that jekyl! is required for cell signalling events that
set aside the valve-forming region as distinct from atrium and ventricle. Perhaps similar to .
other boundary formation events in development, the cells at the border between the atrium -
and ventricle are specified to adopt a tertiary cell fate, that of the valve-forming region. In
the Drosophila wing disc for instance, differences in engrailed expression between the

anterior and posterior compartments restrict expression of the Hedgehog signal to the

e}

posterior and the Hedgehog receiving apparatus to the anterior. Thus, only cells on the

anterior side of the compartment border can receive the Hedgehog signal coming from the

posterior.50 A similar situation exists in the vertebrate limb bud, where differences in

Jringe expression set up a domain of specific Notch signalling at the dorsoventral
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border.51:52 The cells at that boundary differentiate to form the apical ectodermal ridge,

which is required for further outgrowth of the limb.

Atrial and ventricular fates are properly assigned in jekyll mutants, as expression of
chamber specific markers appears normal (Fig. 16). Therefore, the first apparent molecular
defect in jekyll mutants is a lack of boundary-restricted bmp4 expression in the

myocardium. A similar defect is seen in cloche mutant embryos, which lack endocardium

altogether (Fig. 17). 12 Analysis of these two mutants suggests a model in which a primary

endocardial signal to the overlying myocardium sets up a border between atrial and
ventricular cells (Fig. 18). A secondary signal within the myocardium could then produce
at the AV boundary a tertiary myocardial cell type with the competence to signal to the
underlying endocardium. jekyll may be required for the primary endocardial signal or for
the secondary myocardial signal that results in the tertiary cell fate.

In Drosophila, Sugarless has been shown to be important for Fgf and Wg
signalling.33-56 Other evidence suggests that glycosaminoglycans are important in

Hedgehog and Bmp signalling as well.41,57 The similarity of the morphological defects in
the formation of the jaw elements in jekyll, pipetail/wnt5a and knypek/glypican mutants
(chapter 4) suggests that in this process Jekyll is required for Wnt signalling, and that one
substrate for Jekyll is the heparan sulfate proteoglycan, Glypican.

In the case of the heart, I have analyzed the currently available zebrafish mutations in
Wg, Hedgehog, Bmp and Fgf signalling pathways (appendices 4-6) either assessing
mutants for reported morphological heart defects, or through molecular analysis of mutant

hearts. As a result, I have not found any overt defects in cardiac valve formation in any of
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these known mutations. (However, mutants for snailhouse/bmp7 ought to be further
studied, as severely affected embryos appear to have defects in AV boundary formation,

which may reflect earlier deficiencies in heart induction or something more specific
(appendix 5)).

Based on these data and work in the mouse, I would like to propose that a
signalling pathway heretofore not identified to require glycosaminoglycan production
depends on Jekyll function during valve formation. A strong candidate for this signal is
Neuregulin. Neuregulin is expressed in the ventricular endocardium, and loss of
Neuregulin signalling leads to several phenotypes that are also observed in jekyl/ mutants,
including the absence of myocardial proliferation in the ventricle and hypoplastic

endocardial cushions.38-60

Neuregulin is an EGF family member that is thought to signal through ErbB2/B3 or
ErbB2/B4 tyrosine kinase receptor heterodimers.>8 Neuregulin is produced in a membrane
bound form and must be proteolytically processed for extracellular release. This
proteolysis requires the presence of the cytoplasmic domain of the protein.m Loss of
neuregulin, or two of its receptors, erbB2, or erbB4 results in ventricular trabeculation
defects and hypoplastic endocardial cushions at E10.5.58-60 Mutants in another
Neuregulin receptor, erbB3, display only mild defects in trabeculation; however,
endocardial cushion development is affected.62 The erbB3 -/- cushions have reduced

mesenchyme and are thinner than wildtype cushions at E9.5.
The differences between these phenotypes may be explained by the observed

expression patterns of neuregulin, erbB2, erbB3 and erbB4. The neuregulin gene is
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expressed by the endocardium.38.62 From there, it is thought to provide a signal required
for trabeculation to the myocardium, where erbB2 and B4 are expressed.4:60 Neuregulin
is also believed to promote the development of the endocardial cushion where erbB3 is
expressed (presumably through an ErbB2/B3 complex62).

However, loss of these Neuregulin pathway members does not affect this process
as severly as loss of jekyll. There are a number of possible reasons for this observation:
1) Functional overlap may exist within the Neuregulin pathway (i.e. more than one
ligand/ receptor complex is involved), 2) jekyll may not act in the Neuregulin pathway at
all, 3) jekyll may act in more than one pathway and these pathways may function in
concert to delineate the AV boundary, and/or 4) jekyll may be required sequentially at the
boundary and the cumulative loss of many consecutive signals is what gives rise to the

more severe phenotype.

I have attempted to explore the involvement of Jekyll in Neuregulin signalling in
three ways: expression analysis, morpholino antisense experiments, and overexpression
experiments. All these experiments were made possible through a collaboration with
Fabrizio Serluca in Mark Fishman's laboratory who cloned the full length Ig-domain

neuregulin cDNA in zebrafish. Based on mouse knockout experiments, I believe that this

isoform was the relevant one for heart development.58.63

First, I examined the zebrafish neuregulin expression pattern to ascertain whether

there was a conserved expression of this gene between species. In fact, there was similar
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expression, although the levels of expression seemed lower than one would have
expected (Fig. 19).

Second, I had a morpholino designed against the 5' UTR of the Ig-neuregulin
isoform. Injection of this morpholino yielded confusing results at best. Injection alone
seemed to yield no phenotype except a slightly curled axis. Co-injection with a
morpholino targeting hyaluronic acid synthase 2 yielded more severe phenotypes than
either alone, however only a few of the hearts appeared jekyll-like. Interestingly,
injection of has2 morpholino alone, on several occasions yielded late (3-4 dpf) jekyl!
phenotypes which may represent trabeculation defects and may implicate HA in the
signalling events leading up to trabeculation.

Lastly, I have been employing a novel GalVP16-based misexpression system to
drive targeted expression of neuregulin and an activated receptor in the heart. This

system was pioneered by Reinhard Koester and Scott Fraser and graciously provided

before publication.64 These experiments are designed to explore whether overexpression
of the neuregulin gene can rescue the jekyll phenotype, as is the case for overexpression
of ligands in Drosophila sugarless/ugdh mutant embryos. Another result that would still
implicate jekyll in Neuregulin signalling is if overexpression of neuregulin yields a
phenotype in a wildtype embryo but not in a jekyll mutant. In this case, myocardial
expression of the activated receptor ought to affect both wildtype and mutant embryos
similarly, as receptor activation should be downstream of jeky!! function.

The experimental design involves placing the gal-vpl6 gene under the control of a
tissue specific promoter. I have used the fie2 promoter for endocardial expression and

the 1 kb ctnt promoter (graciously provided by Anja Huq and Amy Sehnert) for
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myocardial expression. The tissue specific gal-vpI6 construct is then incorporated into a

larger construct that includes two UAS (Gal binding site)-driven genes: gfp and your

gene of interest. So for our neuregulin experiment, the final construct will be:
tie2--gal-vp16; UAS-gfp; UAS-neuregulin

or for our activated receptor experiment, the construct will be:

ctnt—-gal-vp16; UAS-gfp; UAS-erbB4 (Q).

Production of these constructs is ongoing. Completion is detailed in Figure 20. Benno
Jungblut has been helpful in many steps of the subcloning process and will be continuing
production of the remaining constructs.

This binary system was designed with transient misexpression in mind. While
there is a possibility that transient injection of these constructs will provide the answers
sought, it is likely that experiment-to-experiment variability will make these experiments
difficult to interpret. Due to the fact that the jekyll heart phenotype is not fully penetrant,
it is possible that these experiments will need to be performed multiple times on embryos
with exact misexpression levels and spatiotemporal control. As such, I have begun
creating transgenic lines bearing the tie2/ctnt--gal-vp16; UAS-gfp or the UAS-
neuregulin/erbB4 alone. To achieve this, one must inject linearized versions of these
DNA constructs into single cell embryos before cytoplasmic streaming begins. Injected
embryos are raised to adulthood, these fish are termed Fy. Transgenic lines can then be
identified either by gfp expression or by PCR for the transgene in the F, embryos
resulting from intercrossing Fy adults.

This misexpression system will also be very useful for determining the cell

autonomy of the jekyll heart defect, as extensive cell transplants between "wildtype" and
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jekyll mutant embryos proved uninformative with regards to cell autonomy. The failure

of these transplant experiments is likely due to a number of reasons. 7

Due to the fact that the jekyll heart phenotype is not fully penetrant, several

measures were taken to make each transplant more informative. First the donors were
either cloche mutants or tie2-gfp transgenics. In fact, the line crossed to produce the
donors was a clo;tie2-gfp line. This was done for two reasons: 1) to increase the number
of myocardium-only clones (as clo is cell autonomously required to form endocardium),
2) to allow the visualization of endocardial clones, as these clones are sometimes hard to
differentiate from myocardial clones and often hard to see with the rhodamine dextran
alone. At first, jekyll homozygotes were used as recipients, but variation in penetration of
the phenotype yielded few informative transplants. Therefore, a second measure was
taken. The recipients used were the progeny of a jekyll cross injected with ugdh MO to
increase the penetrance of the heart phenotype (usually one sees a 90% penetrance in this 0
type of experiment). However, this practice had the unforeseen consequence that

genotyping was no longer reliable to determine whether an embryo was just part of the

5% wildtype or in fact rescued. Furthermore, assessing potential rescues for alcian ¥
staining of the branchial arches is also uninformative as ugdh MO injections have only :
mild effects on this process. Therefore, relying on this phenotype as a readout of a

successful injection was not appropriate.

In the end, 599 transplants were performed (overall recipient survival 78%): 37 =

with myocardial clones and 14 with endocardial clones. Due to the aforementioned
penetrance issues, as well as small clone sizes, no conclusions could be made. However

use of the GalVP16 system should allow resolution of these issues. If a UAS-ugdh line is

'R
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Figure 14. jekyll heart phenotype. Wildtype (A) and mutant (B) embryos at 48 hpf,
lateral view, anterior to the left. Pericardial edema surrounds the jeky!! mutant heart and
blood has accumulated in both chambers (at this stage the ventricle is anterior (to the left)
and in this embryo, the atrium is slightly obscured by a skin melanocyte). Arrows point
to the heart in (A) and (B). Methylene blue stained JB4 sections through wildtype (C)
and jekyll (D) hearts at 4 dpf reveals a lack of AV valve (arrows) (reproduced from (2)).
Additionally, one sees a reduction of extracellular matrix deposited between myocardial
and endocardial cell layers in the jekyll mutant heart and a lack of
muscularization/trabeculation in the jekyll mutant ventricle (arrowhead). tie2-GFP allows
visualization of wildtype (E) and mutant (F) endocardial morphology at 43 hpf, lateral
view, anterior to the top and dorsal to the left. Arrows indicate the AV boundary where
endocardial cells cluster in wildtype embryos at the onset of valve formation. wt,

wildtype; V, ventricle; A, atrium. Bars, 140 um.
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Figure 15. Atrioventricular boundary formation in jekyl! mutants. Molecular analyses of
AV valve development reveal early defects in jekyll mutant embryos. Schematized

representations are shown to the left of the actual data. Initially expressed throughout the
anteroposterior extent of the heart 49, bmp4, br146 and notchlb become restricted to the
AV boundary before the onset of valve formation. At 48 hpf, bmp4 (A, B) and br146 (E,
F) are expressed in the myocardium and notchlb (1, J) in the endocardium. RNA in situ
hybridization 10 for these genes reveals defects in jekyll mutant hearts. (B,D,F, and H)

While expression of bmp4 and bri146 does become restricted from the atrium and largely
from the ventricle, there is no heightened expression at the valve-forming region as in
wildtype. (J, L) notchlb expression is not increased at the AV boundary and at this stage
is no longer restricted from the atrium. A, atrium; V, ventricle; wt, wildtype. Bars, 20

um.
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Figure 16. Chamber specification in jekyll mutants. Atrial and ventricular myocardial
differentiation appears normal in jekyl! mutant embryos. Immunofluorescence staining
with MF20 (red) and S46 antibodies (green) at 48 hpf. MF20 recognizes a myosin heavy
chain present throughout the heart, and S46 recognizes an atrial-specific isotype of
myosin heavy chain. Co-staining allows visualization of both chambers: ventricle
appears red and atrium appears yellow as a result of overlap. Although jekyl/l mutant

hearts are somewhat enlarged (B) compared to wildtype (A), the staining pattern appears

normal. Staining performed as described previously.3 Chamber specification also

appeared normal via in situ hybridization for the ventricular marker, irx4 (data not

shown). Bars, 20 pm.
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Figure 17. Atrioventricular boundary formation in cloche mutants. At about 48 hpf, one

sees increased expression of bmp4 at the myocardial AV boundary. Sometimes on both

sides of the heart (A), and sometimes only in the inner curvature (B). This likely due to

the dynamic expression of this gene. However, in cloche mutants (C-E), increased

expression of bmp4 is never observed at the boundary. Arrows indicate boundary in all .

panels.
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Figure 18. Model of jekyil's role in atrioventricular boundary formation (A). A chamber
specific primary signal (red arrows and dots) is sent from the endocardium and received
by the myocardium (red X's). This establishes a border in the myocardium between the
chamber that receives the signal and the chamber that does not receive the signal (step 1).
A secondary signal (purple arrow) within the myocardium occurs as a result of the
primary signal's chamber restriction (step 2). This second signal restricts myocardial
signalling competence (orange) to the AV boundary cells (step 3). A subsequent
myocardial-to-endocardial signal (step 4) induces endocardial morphogenesis and
ultimately valve formation (step 5) (steps 4 and 5 not shown). In this model, loss of
cloche gene function,which is required cell-autonomously for endocardial development,
would prevent the primary endocardial signal in step 1. Based on our observations, jekyl!
could be required in steps 1, 2 or both. I currently favor the hypothesis that jekyll is
required for delivery of the primary signal (step 1) and illustrate two possible
mechanisms of jekyll's involvement (B and C). HA and or proteoglycans (blue squiggles)
are either acting in the extracellular matrix (B) or bound to the membranes of receiving

cells (C). A, atrium; V, ventricle; E, endocardium; M, myocardium.
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Figure 19. Expression of the zebrafish neuregulin gene. neuregulin is expressed at low
levels in the endocardium of the ventricle at 36 hpf (A). Later at 48 hpf (B), neuregulin
is restricted to the endocardial AV boundary (arrow). Oblique lateral views, anterior is up

and ventral is to the right.
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Figure 20. Gal VP16 binary system misexpression constructs to test Neuregulin's role in
AV boundary formation.

As there may be more than one newregulin gene in zebrafish, the failure of the
morpholino antisense experiments does not necessarily indicate that Neuregulin is not the
boundary formation signal. Gain of function experiments must also be performed to fully
assess the role of Neuregulin at the AV boundary. Inititally transient misexpression will
be employed while transgenic fish are created and identified. Two lines of
experimentation will be followed. First, overexpression of neuregulin in the endocardium
of jekyll embryos to attempt rescue or if overexpression of neuregulin in wildtype
embryos produces a phenotype, overexpression in jekyll embryos will be assessed for that
same phenotype. Presumably if jekyll is required for Neuregulin presentation the
overexpression phenotype will not be present or will appear less severe in jeky/l mutants.
Second, Expression of an activated ErbB4 receptor will be driven in the myocardium of
wildtype and jekyll mutant hearts. As jekyll presumably acts upstream of the receptor,
this should either rescue the jeky!l mutant phenotype or cause the same misexpression
phenotype in wildtype and mutant embryos.

Shown in Figure 20 are the transient and transgenic constructs that are completed

or in preparation (as indicated).
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Chapter 4 jekvll arches

Branchial arch formation begins as neural crest cells from the hindbrain migrate
to occupy the pharyngeal region. In a process known as condensation, these
mesenchymal cells form rolling hills of cells that eventually produce cartilage elements at
their center. At early steps in this process, jekyll mutant arches are indistinguishable from
wildtype with respect to shape, number of cells, and molecular differentiation (Fig. 21 K-
M). Similarly, in situ hybridization analysis of late markers of differentiating
chondrocytes reveals no differences between wildtype and mutant (Fig. 21 E-J).

These data are in stark contrast to the obvious defect seen from 3 dpf in alcian and
methylene blue stainings of the arch elements (4 dpf shown, Fig. 21 A-D and reported
previously in 36). Alcian green, which marks sulfated proteoglycans heavily deposited in
developing cartilage, fails to stain the developing arches and fin buds in jeky!l mutant
embryos (Fig. 21 A, B). Similarly, methylene blue, which undergoes a metachromatic
shift in the presence of negatively charged moieties like sulfated proteoglycans, fails to
stain the developing chondrocytes in jeky!/ mutant arches (Fig. 21 C, D).

This severe phenotype in alcian and methylene blue staining is consistent with our
finding that jekyll encodes an enzyme required for the production of glycosaminoglycans.
Initially I believed that the main defect in the arches was this loss of staining as no other
molecular defects were found. However, closer examination reveals a more subtle
phenotype in the morphogenesis of the branchial arches (Fig. 22 A-F).

There are two main morphogenetic defects in the arches of jekyll embryos, and

these defects are quite similar to those found in knypek/glypican and pipetail/wnt5a

mutants.43 First, Jekyll arches have a wider diameter than wildtype (Fig. 22 A-C). This
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defect is easily detected in the first branchial arch, here shown in comparison to a pipetail
mutant embryo. While the first arch is only 1-2 cells in diameter in wildtype embryos, is
3-4 and 5-6 cells wide in pipetail and jekyll mutants, respectively. This broadness may
reflect a lack of intercalation between chondrocytes. Additionally, methylene blue
stained parasagittal sections reveal that the proper slanting of the arch elements is
defective similarly in jekyll and pipetail mutants (Fig. 22 D-F). In wildtype embryos,
branchial arches exhibit a dorsoanterior-ventroposterior alignment (indicated by the
arrow in D). By contrast, in pipetail and jekyll mutants the arches exhibit a
ventroanterior-dorsoposterior alignment (arrows in E and F respectively).

The similarity of the morphological defects in the formation of the jaw elements
in jekyll, pipetail/wnt5a and knypek/glypican mutants suggests that in this process Jekyll
is required for Wnt signalling, and that one substrate for Jekyll is Glypican. However,
there may be other ligands involved as the width of the jekyll mutant arch is larger than
that of the pipetail/wnt5a mutant arch. Also, it appears that jekyll mutant arches do not
fuse correctly at the midline. This is particularly true of the first branchial arch. This
phenotype is not present in pipetail/wnt5a mutants, further implicating another Jekyll-

mediated signalling pathway in the process of branchial arch formation.
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Figure 21. Molecular analysis of the jekyll branchial arch defect. (A-J) dorsal views,
anterior to the right. (A, B) Alcian green staining for sulfated proteoglycans deposited in
the developing cartilage is completely absent in jekyll mutant embryos at 4 dpf
(remaining medial staining is in the pharynx). (C, D) Methylene blue staining of
parasagittal sections allows further analysis of this defect as this dye undergoes a
metachromatic shift from blue to purple in the presence of negatively charged moieties
like sulfated proteoglycans. Arrow indicates the position of a purple callyx that
surrounds wildtype chondrocytes in the third branchial arch (C). Arrow in D denotes the
loss of this staining in a mutant sibling. A comparison of the sections also shows that
Jjekyll chondrocytes are generally dysmorphic and jekyll arches lack an accumulation of
extracellular matrix between the arch elements. (E-J) Comparative analysis of the
expression of two genes associated with chondrocyte differentiation, collagen 2a and
sox9a, reveals no gross defects between wildtype and mutant arches. Arrows point to
gene expression in v'arious chondrocyte populations (E, F: ethmoid plate; G, H: mandible;
I, J: auditory capsule). (K) Cell number and morphology of early condensing arches is
normal in jekyll mutant embryos at 48 hpf (lateral view, rostral to the left). (L, M)
Branchial arch expression of bmp4 and dlix2 is indistinguishable between wildtype and

Jekyll mutant embryos at 36 hpf (wildtype staining is shown for reference, dorsal views,

anterior to the top).

71



Figure 21

alcian green [
4 dpf

5.5 dpf

col2a
48 hpf

col2a
72 hpf

sox9a
48 hpf




Figure 22. Comparison of branchial arch morphology between jekyll and pipetail/wnt3a
mutant embryos. (A-C) Alcian green staining of wildtype (A), pipetail/wnt5a mutant
(B), and jeky!ll mutant (C) embryos at 4 dpf (39). As noted previously (16), jekyll
branchial arches are devoid of alcian staining which detects negatively charged sulfated
proteoglycans deposited around developing chondrocytes. Closer examination reveals
additional morphological defects in the jekyll mutant arches, similar to those seen in
pipetail mutants. The first branchial arch, which is only 1-2 cells in diameter in wildtype
embryos, is 3-4 and 5-6 cells wide in pipetail and jekyll mutants, respectively. Typical
cells are outlined in white next to arrow (ventral view, anterior to the left). (D-F)
Methylene blue staining of JB4 plastic parasagittal sections shows additional defects in
the arches at 4 dpf (anterior to the left). In wildtype embryos, branchial arches exhibit a
dorsoanterior-ventroposterior alignment (indicated by the arrow in D). By contrast, in
Ppipetail and jekyll mutants the arches exhibit a ventroanterior-dorsoposterior alignment

(arrows in E and F respectively). Bars, 50 um.
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Appendix 1: jekyll genomic organization. Figure 23. (A) Known intron-exon junctions
in ugdh, as found using ZUGDH F1/R1 and F2/R2 primer pairs (figure 9). Sequence for
the F1/R1 junction is shown. The F2/R2 junction has not been sequenced. (B) PAC
rescue of the jekyll branchial arch phenotype with 142J10 and 97M23, two of three PACs
isolated by PCR for ugdh on PAC pools (142J10, 97M23, and 180A23). PAC injected
embryos were stained with alcian revealing small clones of alcian positive cells in jekyll
mutant arches. Presumably these cells contain the injected PAC as uninjected mutant
embryos never stain in this way. (C) Graphical representation of PACs 142J10 and
180A23 and their approximate sizes, however end sequencing and PAC orientation have

not been performed.
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Appendix 2: Analysis of cardiofunk valve defects
The cardiofunk (cfk) mutation was isolated from a line of fish thought to bear a
mutation that conferred reduced staining with the nkx2.5 riboprobe. The original

mutation was identified in a small scale haploid in situ and immunofluorescence screen

for heart defects.3 s/ was the given line name. It has not yet been confirmed that the cfk

mutation is the original lesion detected by the authors as nkx2.5 in situ analysis has
proved inconclusive. Perhaps when the identity of cfk is known, such analysis will yield
more conclusive results.

Like jekyll mutant embryos, cfk mutants lack proper formation of an AV valve as
determined by blood accumulation and toggling in the two chambers of the heart at 48
hpf. Additionally, analysis of cfk mutants bearing the tie2 GFP transgene reveals a lack
of endocardial clustering at 43 hpf (Walsh and Stainier, data not shown). Like jekyll
mutants, notchlb restriction and heightening, here shown at 48 hpf, does not occur
properly (Fig. 24 A-F, arrows indicate boundary). Although earlier expression is
indistinguishable from wildtype (two examples each of wildtype and mutant, as
determined by slight edema at 42 hpf, are shown--Fig. 24 A-D). Also, chamber specific
myosin heavy chain antibody staining using MF20 and S46 antibodies reveals that like

Jekyll mutants, chamber specification occurs normally in c¢fk mutants (Fig. 24 G-H). In
one case (1), there did appear to be a few S46 expressing cells in the ventricle of the
mutant heart, however this has not been observed again.

Unlike jekyll mutants, cfk mutants, do delineate an AV boundary as judged by
bmp4 in situ analysis (arrows indicate AV boundary--Fig. 24 J-M). Compared to

wildtype, this boundary appears to be reduced in staining; however, this may only reflect
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the cfk valve's dysmorphology at 48 hpf. Thus, Cardiofunk activity is not required to set
aside the boundary. This result suggests that Cardiofunk activity is required downstream
or parallel to Jekyll in AV valve formation.

Interestingly, in spite of this seemingly downstream or parallel function,
cardiofunk and jekyll mutations interact genetically. I showed that double heterozygotes
exhibit a low level failure to complement or about 10-20% penetrance, this result was

later confirmed by Tom Bartman.
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Appendix 3: B-xyloside and has2 MO treatment of zebrafish embryos.

In characterizing jekyll, I explored with the help of Brian Bichs whether the jekyll
phenotype was due to loss of proteoglycans or loss of hyaluronic acid. To assess this we
used P-xyloside treatment to inhibit the glycosaminoglycan decoration of proteoglycans
and a morpholino targeted against the embryonic hyaluronic acid synthase (has2).

Figure 25. (A, B) Two examples of B-xyloside treated zebrafish embryos. Hearts
appear stringy in most cases, however in a few cases hearts appear jekyll-like (not
shown). The stringy heart phenotype is almost completely penetrant at both doses of
treatment (SmM and 20mM). The critical time of treatment has not yet been accurately
determined but appears to be before 24 hpf.

has2 morpholino injections yield highly variable heart phenotypes. In one
experiment, has2 MO injections yield 16% mild stringy heart phenotypes and 8% jekyll
heart phenotypes (N=50). However, two other sets of experiments produced 2-4% and
40-60% affected embryos respectively. Sometimes injecting jekyll heterozygote embryos
has a sensitizing effect and sometimes this practice had no effect.

Clearly , additional carefully controlled experiments are warranted to determine
the relative need for proteoglycans and hyaluronic acid in AV boundary and valve
formation. Perhaps this work is better done in the has2 and hdf mouse mutants. In situ
analysis for bmp4 expression in each of these mutants should determine the "molecular

epistasis” of these mutations.
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Appendix 4: Acerebellar/Fgf8 is required for zebrafish heart induction

As part of a collaboration with Phillip Crossley and Gail Martin, I was able to
help isolate the zebrafish fgf8.1 gene. Through a collaboration with Michael Brand and
colleagues, it was determined that the zebrafish acerebellar (ace) mutation lies in the
f2f8.1 gene. Subsequent collaboration, in particular with Frank Reifers from Michael
Brand's group, delineated the effect of the ace mutation on heart development. My role
in this heart collaboration was to determine the ventricular reduction in ace mutants at 24

hpf and aid in the interpretation of the in sifu analysis of heart development. This

appendix includes those two manuscripts published in Development65’66 aswellasa

figure detailing some unpublished collaborative work assessing other aspects of the role
of /gf8.1 in heart development.

ace mutants do form AV boundaries as judged by bmp4 and nkx2.7 in situ
analysis at 48 hpf (Fig. 26 A, B and C, D, respectively). While this result does not rule
out a role for fgf8.1 in the process (as the ace mutation is likely not null), it does show
that mutations which affect ventricular induction do not necessarily affect the formation
of a boundary at the atrial-ventricular border.

Also shown in Fig. 26, comparison of the extent of in situ staining for nkx2.5,
/2f8.1, and cmlc riboprobes in the cardiac ring at 22 hpf (E, F, and G, respectively).
While nkx2.5 is not always a reliable probe, it does appear that there is a cmic+, nkx2. 5-
population of cells in the outermost aspects of the cardiac ring. Furthermore, fg/3.1
appears to be expressed heavily in only the innermost aspect of the ring with much lighter

expression in the outermost portions.
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We describe the isolation of acbrafish Fgf8 and

s
expression during gastrulation, somitogenesis, fin bud and
early brain development. By demonstrating genetic linkage
and by analysing the structure of the Fgf3 gene, we show
that acerebellar is a zebrafish Fgf3 mutstion that may
Inactivate Fgf3 function. Homozygous acerebellar embryes
lack a cerebellum and the midbrain-hindbrain boundary
organizer. Fgf3 function is required to maintain, but not
initiate, expression of Pax2.] and other marker genes in this
area. We show that Fgf3 and Pax2.] are activated in

domains that only later become overiapping, and
activation of Fgf8 occurs normally in no isthmus embryes
that are mutant for Pax2.]/. These findings suggest that
-ﬁpkdpﬂgm”mwmh
the midbrain-hindbrain bouadery primordium during

Kcy words: Neurogenesis, Regionalization, FgfX, acerebellar. Pux
genes, Midbrain, Hindbrain, Organizer, Zebratish, Somitogencsis,
Axis specification, no isthmus, Danio rerio, Splicing

Generation of the large number of different cell types in the
nervous system requires cell intrinsic programs and
coordination between neighbouring cells. Work in recent years
has established that designated cell populations exist in the
neural plate that influence cell fate in surrounding neural plate
cells. One such population is located at the boundary between
midbrain and hindbrain (MHB), also referred to as isthmus
(Alvarado-Mallart, 1993; Nakamura et al., 1994, Marin and
Puelles, 1994; for review: Bally-Cuif and Wassef, 1995;
Joyner, 1996; Lumsden and Krumlauf, 1996).

The midbrain derives from the mesencephalic neural plate
and includes as major derivatives the optic tectum and the
tegmentum. When MHB tissue is transplanted into the caudal
forebrain primordium, midbrain-hindbrain markers are not
only expressed in the transplanted tissue, but also in the
surrounding forebrain tissue. When such transplants are
allowed to develop, the induced cells show a midbrain-like
character (Gardner and Barald, 1991; Martinez et al., 1991;
Bally-Cuif et al., 1992). Substructures in the induced midbrain
and MHB tissues are arranged in the normal sequence relative

to each other, but are inverted with respect to the endogenous
midbrain and cerebellum (Marin and Puelles, 1994). Similarly,
transplantation of the MHB cells into the dorsal spinal chord
leads to induction of a second cerebellum (Martinez et al.,
1995). These experiments identify the MHB region as an
important organizing center with a role in midbrain and
cerebellar induction and patterning.

Al the MHB, several molecules are expressed that have been
implicated in cellular interaction processes and could mediate
the activity of the MHB organizer. Wnt/ is a cognate of the
secreted wingless gene product in Drosophila, and is expressed
from the early neural plate stage onwards at the MHB of mouse
and other vertebrate embryos (Wilkinson et al., 1987). Targeted
inactivation of war/ has demonstrated its requirement during
maintenance, but not initiation. of midbrain and cerebellar
development of mouse embryos (Thomas and Capecchi, 1990;
McMahon et al., 1992). In Drosophila, wingless cooperates
with the Engrailed transcription factor in several cellular
interaction processes, and its vertebrate homologues En/ and
En2 are likewise expressed during and required for maintaining
early MHB development (Wurst et al., 1994; Millen et al.,
1994). Indeed, a major role for wnt/ during MHB development
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is to maintain expression of Ea/ (Daniclian and McMahon,
1996). Apart from wntl, engrailed expression also requires the
activity of the paired box gene Pax2./ (formerly pax-b, Pfeffer
et al., 1998) in zebrafish and mice (Brand et al., 1996; Favor
et al., 1996; Lun and Brand, unpublished data), consistent with
the presence of binding sites for paired box proteins in the En2
promoter (Song et al., 1996).

Members of the family of secreted fibroblast growth factors
(Fgfs) signal through receptor-tyrosine kinases (Fgfrs | 10 4)
to activate ras signaling (Basilico and Moscatelli, 1992). Fgfs
play important roles during growth and patieming in the
embryo. For instance, injection of dominant negative Fgf
receptor constructs in Xenopus and zebrafish leads to posterior
truncation, demonstrating that Fgf signaling is required during
gastrulation and mesoderm development (Kroll and Amaya,
1996; Griffin et al., 1995).

In this study, we describe the isolation and expression of
zebrafish Fgf8, and its functional requirement in embryonic
development. Fgf8 was oniginally isolated as an androgen-
induced growth factor (AIGF, Tanaka et al., 1992). Fgf¥ is
expressed in chicken and mouse from early somitogenesis
onwards at the MHB and in a number of other cell groups with
signaling properties (Heikinheimo et al., 1994; Ohuchi et al.,
1994; Crossley and Martin, 1995; Mahmood et al., 1995).
Implantation of beads soaked in Fgf8 or Fgf4 in chicken
induces midbrain or cerebellar tissue in a manner analogous to
cells of the MHB organizer, and Fgf8, En2 and wntl are
activated by the implantation (Crossley et al., 1996a). These
experiments strongly suggested that Fgf3 or a similar Fgfis an
important component of MHB organizer function.
Consistently, the receptors that Fgf8 and Fgf4 bind to0 in vitro
are expressed during MHB development in mouse and
zebrafish (MacArthur et al., 1995, and references therein;
Thisse et al., 1995; Omitz et al., 1996; Blunt et al., 1997).

Apart from the MHB, Fgf8 has been suggested to be a key
signaling molecule in development of the limb bud (review:
Cohn and Tickle, 1996), forebrain (Shimamura and
Rubenstein, 1997), tooth (Neubiiser et al., 1997), among
others. In the limb bud, Fg/ and Fgf4 are expressed in the
apical ectodermal ridge (AER), which directs outgrowth of the
limb. Mesenchymal cells of the zone of polanzing activity
(ZPA) impose anteroposterior pattern on the limb bud, an
activity that is mimicked by Sonic hedgehog (Shh) (Riddle et
al., 1993), and Fgf8 and Fgf4 are thought to act in a feedback
loop controlling Shh in the ZPA. Fgf beads or Fgf-expressing
cells for Fgfl, Fgf2, Fgf4. Fgf8 and Fgf10 are all able to induce
an additional limb from the flank of chick embryos (review:
Cohn and Tickle, 1996; Ohuchi et al., 1997a), raising questions
about the relative role of the various Fgfs. Both Fgf8 and Fgf/0
are expressed early enough in the mesenchyme that is thought
to induce the limb bud. In two chicken mutants, however, limb
buds are established independently of Fgf¥ expression
(Niswander, 1997), and Fgf% may therefore mimic the action
of Fgfl0 in limb induction (Ohuchi et al., 1997a).

Loss-of-function mutations for several Fgfs often display
weaker phenotypes than anticipated from their expression
patterns or misexpression experiments. Although Fgf3 and
Fgf5 are expressed from gastrulation onwards, targeted
inactivation of Fgf3 leads only to later defects in
morphogenesis and differentiation of the inner ear and somites
(Mansour et al., 1993) and FgfS mutants have fur alterations

(Hebert et al., 1994). Others show very severe phenotypes:
Fgf4 mutants die shortly after implantation (Feldman et al.,
1995). Likewise. inactivation of Fgfr/ leads to absence of
somites and expansion of notochord, suggesting that these
embryos cannot respond to an unidentified, organizer-derived
signal required to patiern the gastrula embryo (Deng et al.,
1994; Yamaguchi et al.. 1994). Also. heterozygous mutations
in human Fgfr! 1o Fgfr3 cause dominant defects in craniofacial
development, vertebrae and limbs, indicative of functions in
later development (review: Yamaguchi and Rossant, 1995).
The effects of loss of Fgf¥ function have not been described
yet in zebrafish, but a recent study in mice indicates that Fgf¥
is required in gastrulation and brain development (Meyers et
al., 1998).

As in other species, zebrafish Fgf8 is expressed during
gastrulation, in mesodermal tissue, during early MHB
development and several other sites in the nervous system. We
show here that Fgf¥ is mutated in acerebellar (ace). A single
recessive acerebellar allele exists, and homozygous mutant
embryos lack a MHB and a cerebellum (Brand et al.. 1996).
We analyze the requirement for Fgf¥ in the mutants, compare
the effects of misexpressing wild-type and mutant Fgf¥
transcripts, and examine Fgf8 dependence in no isthmus
mutants which inactivate Pux2./ (Brand et al., 1996; Lun and
Brand, unpublished data).

Zcbrafish were raised and kept undel’ snndaml conditions at about
27°C (Westerticld, 1994). M identificd by rand
intercrosses. To obtain mutant cmbryos, hctcfozygous carricrs were
intercrossed. Time of development at 28.5°C and morphological
featurcs were used to stage the cmbryos (Kimmel ct al., 1995).
Occasionally, 0.2 mM phenylthiourca (PTU) was added to prevent
melanization. Histology is described in Kuwada ct al. (1990).

Whole-mount in situ hybridisation

Digoxigenin- or fi in-labclied RNA probes were preparcd from
lincanzed wemplates using an RNA labclling and detcction kit
(Boclmngcr) Hybnidisation and detection with anti-digoxigenin or
anti-fi scein bodics coupled to alkaline phosphatase
(Bochringcr) was moditicd from Tluw: ot al. (1994). Hybridisation
was at 68.5°C, and Bochringer DIG blocking agent was used during
detection as specitied by the supplicr. To determine overlap in double
stains with BM purpic and FastRed fluorescent  substrate
(Bochringer), thc BM purplc reaction was allowed to proceed until it
quenched but did not oblitcrate the fluorescent FastRed signal.
Antibodics were preabsorbed against fixed cmbryo powder. Stained
cmbrym were dmccled and tluck scctions were prepared  with
d in glyccrol, photographed on a
Z«.m Auoskop and assembled using Adobe Photoshop.

Isolstion of Fgf8 cONA

FgfR was isolated from a Agtl | library (kindly provided by Kai Zinn)
using as probe the coding scquence of mouse Fgf¥ vaniant 4 duning
the initial screen, and a chicken Fgf8 cDNA during rescreen (Crossley
ct al., 1996b). Candidates were subcloned into pCRII and scquenced
(accession number AF051365). One additional zebratish gene of
uncertain rclationship rescmbles Fgf¥, but also other Fgts: in contrast
10 the FgfX¥ gene reported here. this gene is cxprcwed much later in
development than Fgf¥ (S. Schultc-Mcrb ication,
and F. R. and M.B., unpublishcd data).
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Moleculer analysis of acerebeller

To desermine linkage. hetcrozygous carriers for acerebellar (induced
in the Tibingen strain) were crosscd to AB wild-type strain. Cammicns
were identificd in Fy and intercrossed. Embryos from such crosses
were scparuted into homozygous acerebellar mutants (n=100 and 108
for two indcpendent cxpeniments) and their siblings (n=100), and
DNA and cDNA was prepured from cach pool. cDNA synthesis with
SuperScriptll reverse transcriptase (GibcoBRL) was according to
manufacturcrs instructions. Intron sequences between cxons | and 2
(1.6 kb) were ampliticd from both pools and from TUbingen and AB
strains, assuming that cxonfintron structurc would be conscrved
relative to mousc FgfX (Crosslcy and Martin, 1995). This assumption
was confired by our results, and by sequencing of the amplified
introns (not shown). Amplificd fragments were digesied with Bglll,
which dctects a restriction fragment kength polymorphism (RFLP)
between the Tiibingen and AB strains; the resulting gel was blotted
and probed with a fr g only intron scquences to
confirm that thc fragments are denived from the Fgf¥ locus (not
shown). Linkagc was also obscrved for a sccond RFLP (not shown).
Equivalcnt amplitications were carricd out to obtain and sequence the
cxon 2/3 intron. cDNA was |solulcd by RT- PCR with ncsted primers
flanking the coding region 1n two indcp plitications from
cDNA pools of homozygoux Tibingen vnld-typc and acerebellar
cmbryos, and was subcloncd and d on an ALF scq
RT-PCR lodclectpumwcolcmewwncdoutoncDNAfmm
wild-type and acerebeliar embryos under standard PCR conditions.

injections

Wild-typc and acerebellar mutant versions of FgfR were subcloned
into pCS2+ (Rupp ct al., 1994) and transcribed using the SP6 message
machinc kit (Ambion). The amount of RNA injccted was cstimated
from thc concentration and volume of a sphere of RNA injected into
oil at the samc pressurc settings. Typically, about 25 pg of Fgf% RNA
were injected: higher concentrations cause more severe dorsalizations
that lcad to rupturc of the cmbryos during somitogencsis (not shown).
RNA was dissolved in 0.25 M KCl with 0.2% of phcnol rod and
backloaded into borosilicatc capillarics prepared on a Suticr puller.
During injection, RNA was dcposited into the cytoplasm of 1- to 8-
cell-stage cmbryos: in cmbryos aficr the first clcavage, the RNA
usually stays in the progeny of the injected blastomere, as judged from
the unilatcral distribution of control /acZ RNA, as detected

with anti-B-gal antibody (Promcga. 1:500) aficr ISH

(Domscifcr ct al., 1997). sebratish
chi~ken
»CUse
human
n h ‘km
Cloning and expression of asbrafieh Fgfé Cr;‘;:;
We have isolated zebrafish Fgf8 from an embryonic
cDNA library. The aminoacid sequence of zebrafish  sebratish
Fgf¥ is 79% identical to mouse and human Fgf8,and 5.0
84% identical to chicken Fgf¥ (Fig. 1). Amino acids human
encoded by exon 2 are diagnostic for Fgf¥ relative to
other Fgf family members (Lorenzi et al., 1995); here  sebratish
the identity is 83% to mouse and human, and 91% 10 moure
chicken Fgf8, with other similarities being much human
lower (e.g. Fgf7, 37% and Fgf4, 29%). ecatinn
chi-ken
Expression during gastrulation :2use
Jamnan

To study possible functions of Fgf8, we examined
expression in wild-type embryos using whole-mount
in situ hybridisation (ISH; Fig. 2). Expression
becomes detectable at 30% epiboly in the marginal
zone, and develops at 50% epiboly into a gradient
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with a highpoint in the dorsal embryonic shield, the zebrafish
equivalent of Spemann’s organizer (Fig. 2A-C). During
gastrulation, dorsoventrally graded expression continues in the
marginal zone. At 70% epiboly, expression starts in two
transverse stripes in the anterior hindbrain primordium (Fig.
2D.E), and towards the end of epiboly at the anterior margin
of the forebrain primordium (Fig. 2F).

Somitogenesis

During somitogenesis, expression continues in the prospective
MHB (see below) and the tailbud, and is initiated in presomitic
mesoderm in segmental expression domains (Fig. 2H.J).
Expression is found throughout newly formed somites (Fig.
2J). but eventually becomes confined to the anterolateral
margin of the maturing somite (Figs 2K, 10R). Transient
expression occurs in the floorplate as it emerges from the
tailbud (not shown). Posterior to the MHB, three additional
stripes are detected in the hindbrain neural keel during early
somitogenesis (Fig. 2H). In the forebrain primordium, a
dorsomedian  stripe is observed in the presumptive
telencephalon with an anterior high point of intensity (Fig.
2H,D).

Expression in the brain
In the brain of pharyngula stage embryos (24-48 hours),
expression is still prominent in the MHB, excluding the
floorplate (Fig. 20), and in the optic stalks, retina, a pair of
paramedian telencephalic stripes that forms the commissural
plate and in the dorsal diencephalon (Fig. 2N-R). Additional
expression is seen in the dorsal hypothalamus ventral to the
optic recess, in the area where the postoptic commissure will
form (Fig. 2P). Around 36 hours, expression is detected in
addition near the ventral midline of the hypothalamus in the
hypophysis and infundibulum (Fig. 2P.Q), and in the nasal
placodes (Fig. 2S). Expression continues in these tissues until
48 hours, the latest stage that we have examined (not shown).
Outside of the brain, expression is found in tissues of the
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Fig. 1. Sequence comparison between the predicied amino acid sequences of
zebratish, chicken. mousc and human Fgf8 protcins. Horizontal bars indicate
|dcnncal residues; arrows mark cxon boundarics; consensus N-linked
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36h ;

2 36h
Fig. 2. Expression of Fgf¥ in wild-type embryos. (A) Fgf8 in the blastoderm margin at 30% cpiboly. (B,C) At shicld stage, Fgf8 is expressed in

a dorsoventral gradicnt in the germ ring with a high point of expression in the shicld (B, vegetal pole view; C, lateral view). (D,E) Graded
expression persists in the margin of the blastoderm at 90% epiboly. Prospective anterior hindbrain expresses Fgf8 (D, dorsal view; slightly tilted

in E). (F) Forebrain cxpression in a tailbud stage embryo (arrowheads point to high points of exp

fusc at

ive MHB d

). (G) Prosp

the midlinc at tailbud stage. (H) 4-somite stage, lateral view. Expression in forcbrain, mid-hindbrain region, scgmental platc and tailbud.

(1.J) Flat mount of H, depicting anterior and posterior expression domains. (K) Fgf8 expression at the anterior somite border (arrowheads).

(L) Flat-mounted 19-somitc embryo. Expression in the heart ring posterior to the MHB. (M) Flat mount at 22 somitcs; expression in the brain is
detected at the MHB, dorsal dicncephalon, retina and optic stalks. (N) Lateral view of a 24 hours cmbryo. Additional cxpression occurs in the
facial ectoderm. (O) Thick cross scction through the MHB demonstrating absence of cxpression in floorplate. (P) Lateral view of a dissected
brain at 36 hours of development. Additional cxpression in the infundibulum, hypophysis and otic vesicle (cyes are removed). (Q) Details of

expression in the retina, choroid fissure and the optic stalks. Additional

is d in nasal derm and the hyoid. (R) Ventral view

of head at 36 hours demonstrating cxpression in the retinal cpithclium, but not in the lens. (S) Frontal view, expression in the facial and nasal

ectoderm. cf, choroid fissurc; dd, dorsal di halon; fb, fc

P

inf, infundibulum; Is, lens; mb, midbrain; mhb, mid-hindbrain b

brain; fec, facial ectoderm; fp, floorplate; ht, heart; hy, hyoid; hyp, hypophysis;

shicld; som, somites; tb, tailbud, yp, yolk plug.

developing head, such as the hyoid, heart, inner ear (Fig. 2L,
P-S) and the fin buds (Fig. 11).

Fgf8 expression at the MHB

Because of its possible patierning function in development of
the MHB territory, we have examined the expression in this
area in more detail. Fgf8 activation is seen initially as a
bilateral stripe at 70% epiboly (Fig. 3A-D). Relative to Krox-
20, a marker for rhombomeres 3 and 5 (Oxtoby and Jowett,
1993; Fig. 3A,B), this stripe encompasses by tailbud stage the
anterior hindbrain up to and including rhombomere 4. At 5
somites, this domain has become subdivided into several
stripes lying at the MHB, in rhombomeres | and 4 and ventral
rhombomere 2 (Figs 3C-D, 2H). In double stainings with the

dary; nec, nasal d

o0s, optic stalks; ov, otic vesicle; ret, retina; sh,

midbrain marker Pax2.1, Fgf8 expression (Fig. 3E-H) is
localized posterior to the domain of Pax2.! expression at 90%
epiboly, with very little, if any, overlap. At 6 somites, however,
the MHB stripe is completely contained within the posterior
part of the Pax2.! domain (Fig. 31,J).

Fgf8 is mutated in acerebellar

Fgf8 expression occurs in several tissues that are defective in
acerebellar mutant embryos. Mutant larvae older than 2 days
are retarded and eventually die with severe oedemas (not
shown), but develop without significant retardation during the
first 48 hours of development. In particular, homozygous
acerebellar mutants lack a MHB and a cerebellum (see below).
By testing candidate genes, we found that Fgf3 is linked to the

87



6som Fw!l PL-

Fgf8 requirement in zebrafish 2385

A wi sphicing

wm N TN o

nn w5

B
c Exon 2 intron Exon 3
ace pre mRNA : GGCAAG AUAUGU /# UCACAG AAAAAA
[ Z [ ]
consensus : AG GUAAGU CAG G
o cDNA Protein
um 1w
« EECR O
1 250 387 630 1 8 119 20
SUm™ Jum
e S
1 250 523 1 8 1

Fig. 4. Fgf8 is mutated in acerebellar. (A) Genomic structure of the
brafish Fgf3 gene and possible splicing variations in wild-type and

Fig. 3. Fgf8 expression in carly midbrain and anterior hindb:
development. (A-D) Double ISH with Fgf® (bluc) and Krox20 (red,
fluorescent) of wild-type embryo at tailbud stage (A.B) and S somites
(C,D). At tailbud stage, Fgf8 cxpression extends throughout the

acerebellar embryos (asterisk depicts mutated 5’ splice site). (B) The
intron between cxon | and 2 was amplified and digested with Bgill.
An RFLP was identified for AB versus “Tiibingen’ strain zcbrafish
(compare lanc ‘AB’ with lane “Td’; arrow points to the polymorphic

anterior hindbrain incl. rhomb 4 (r4) posteriorly. At §
expression of Fgf8 is d d at the MHB, in rl, r4 and in ventral r2
(sec also Fig. 2H). (E-J) Double ISH with Fgf8 (bluc) and Pax2./
(red, fluorescent) at 90% cpiboly (E-H) and 6 somites (1.7). At 90%
cpiboly, the Fgf8 cxpression domain is located posterior to the
Pax2.1 domain with very littlc overlap (E,F; higher magnification:
G.H), while at 6 somites the Fgf8 domain at the MHB is completely
included in the Pax2./ cxpression domain (visible as quenching of
the fluorescent Pax2./ signal). Embryos in C-J arc flat mounted,
A,C.E,G and I show bright ficld, B,D,F,H and J show fluorescent
images of the same embryos.

acerebellar mutation. In a test cross with two segregating
RFLPs of Fgf8, the RFLP characteristic for the ‘Tiibingen’
strain (in which acerebellar was induced) is linked to the
acerebellar phenotype (Fig. 4). This RFLP was located in
intron one and was lost during subsequent generations.
However, by RT-PCR with singie embryos, we found that the
acerebellar phenotype and the lesion in Fgf3 (see below) could

band). The homozygous acerebellar mutation was induced in a Ti
strain and shows the Tii restriction pattern (compare lane
*homozygous acc’ with lane “Tii"), while their siblings show the AB
pattern (compare lanc ‘siblings’ with lanc ‘AB’). Thercfore the
acerebellar phenotype is linked to the Fgf8 gene. (C) A 100%
conserved G in the 5’ splice site following exon 2 is changed 10 an A,
Ieading to skipping of cxon 2. (D) cDNA from acerebellar cmbryos
lacks exon 2 (red). This causes a frame shift in the open reading
frame, Icading to altered amino acids (hatched) and a premature stop
in translation.

not be separated in 101 embryos representing 202 meiotic
events (020.5 cM; Fig. 5D).

acerebellar mutant transcripts lack exon 2

Through characterizing the Fgf8 gene in acerebellar embryos,
we found that acerebellar is a mutation that strongly or
completely inactivates the Fgf8 gene. We used RT-PCR to
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Fig. 8. RT-PCR analysis of Fg/f8 transcripts in wild-type and
acerebellar cmbryos. (A) Structure of wild-typc cDNA and
placcment of primers. (B) Only transcripts containing cxon 2 are
detected in wild type throughout develop cither with pri
spanning cxon 2 (PS + P6) or wath onc pnmer located in cxon 2 (P7
+ P6). (C) Exon 2 is missing in FgfX transcripts of acerebellar
cmbryos. RT-PCR with pnmers spanning cxon 2 (PS + P6) yiclds a
singlc band of 612 bp in wild-typc cmbryos. In acerebellar cmbryos,
no transcripts of wild-type sizc arc detected: instcad only transcripts
without ¢xon 2 arc scen, which arc shorter by 107 bascs (comparc
lancs 2 and 4, and lanc S and 6). In hcterozygous siblings, bands of
both sizes are detectable (lanc 3). With onc primer located in cxon 2
(PS + P8), amplification is only possible in acerebellur cmbryos after
rcamplification (comparc lanc 9 and 12), while in wild-type cmbryos
and siblings onc round of amplitication is sufficicnt (lancs 7, 8),

d ing the low abundance of cxon 2 containing transcripts in
acerebellar cmbryos. (D) acerebellar mutant cmbryos and their
siblings were sorted by phenotype. indicated by bars. Single cmbryo
RT-PCR with primcrs spanning cxon 2 (PS + P6) was performed for
101 acerebellar cmbryos and 13 siblings. Phenotypically wild-type
siblings show cither a wild-type or a hetcrozygous patiern. In all
phenotypically acerebellar cmbryos tested, only cxon 2-less
transcript is detected, confirming genetic linkage (0 £ 0.5 cM).

amplify Fgf8 cDNAs from homozygous acerebellar embryos
and compared them to wild-type cDNA (Fig. 4). In two
independent amplifications of the coding region, we find a
deletion of 107 bases exactly corresponding to exon 2 in the

mutant cDNAs; no other amino acid changes were detected. In
order to study how this deletion is generated, we examined
genomic DNA of acerebellar embryos and found that exon 2
is both present and of normal sequence. Upon sequencing of
the 1.6 kb intron between exons | and 2, no conspicuous
changes were detected and, in particular, the splicing
consensus sequences were found to be intact (not shown).
However, in the 5" splice donor site following exon 2, a G
residue was mutated to an A (Fig. 4C). Since this G is 100%
conserved in all 5’ splice donor sites (Padgett et al., 1986), this
mutation may inactivate this splice site, leading to skipping of
exon 2 in the mutants.

As a result of skipping exon 2, the open reading frame runs
into a premature stop codon (Fig. 4D). The predicted protein
fragment in acerebellar embryos therefore lacks the
aminoacids encoded in exons 2 and 3, which are required to
activate the receptor and which are conserved between
different Fgf¥s and other Fgf family members (Lorenzi et al.,
1995). The protein fragment in acerebellar mutants is therefore
presumably non-functional, a notion that is confirmed by our
injection experiments (see below).

Exon 1, but not exon 2, is alternatively spliced in murine
Fgf8 (Crossley and Martin, 1995; MacArthur et al., 1995). We
find no evidence for differential splicing of exon 2 of Fgf¥ in
zebrafish : in a timecourse up to day 5. we detect in wild-type
embryos a single transcript of the size predicted for transcripts
containing exon 2 (Fig. 5). This transcript is also detected at
the 4- to 8ell stage, i.e. prior to activation of zygotic
transcription (Kane and Kimmel, 1993), showing that maternal
Ff3 message is present in these embryos (Fig. 5B). We could
not, however, detect any maternal RNA by in situ hybridisation
(not shown), suggesting that these RNAs are rare.

To assess the strength of the acerebellar allele, it was crucial
to determine if any wild-type Fg/¥ transcript is present in the
mutants. We therefore performed RT-PCR on ¢cDNA from
acerebellar embryos. With primers flanking exon2, we detect
a single band of the size predicted for transcripts lacking exon
2, but no transcripts of wild-type size (Fig. 5C). With one
primer in exon 2 and another in the flanking exons, exon-2-
containing transcripts can be detected in acerebellur embryos,
but only after two rounds of amplification (Fig. SC). These
transcripts could be of maternal origin (see above), or they
could be due to partially spliced mRNA in our cDNA pools;
although partially spliced transcripts are usually unstable and
confined to the nucleus (Padgett et al., 1986; Khoury et al.,
1979). We can at present not distinguish between these
possibilities. In either case, wild-type transcripts containing
exon 2 must be rare, since they are not detectable with primers
flanking exon 2 or by in situ hybridisation. We conclude that
acerebellar partially or completely inactivates the Fgf8 gene
(see Discussion).

ace mutant Fgi8 is unable 10 dorsalize embryos

In order to determine whether the Fgf8 protein left in
acerebellur mutants has any functional properties, we
developed a functional assay for Fgf¥ activity. When wild-type
Fgf% RNA is injected into developing embryos, we observe
dorsalization and axis duplication (Fig. 6A-F; Table 1). We
monitored adaxial and somitic development with mvoD probe,
and the location of the injected cells by coinjection of lucZ
RNA. Embryos with a secondary axis formed in 12% of the
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cases (Table 1). Invariably, the cells of the secondary axis were
the injected cells (Fig. 6B), and failed t0 form a head,
notochord and adaxial cells. Exclusively dorsal location of the
injected cells in the notochord primordium has little or no
effect, suggesting that this tissue is not competent to respond
(Fig. 6C). In dorsolateral levels, Fgf8 misexpression causes
severe expansion of the somites to ventral levels (Fig. 6D),
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Fig. 6. Function of wild-typc and mutant Fgf3 in dorsoventral
patterning of the gastrula. Adaxial and somitic mesoderm is
visualized with myoD (bluc), or intcrmediate mesoderm and MHB
with Pax2. 1, and location of the lacZ co-injected cells with an
antibody to B-gal (brown). RNA distribution is mostly restricted to
one side, allowing comparison with the contralateral side as a
control. (A-F) Misexpression of Fgf8 in wild-typc cmbryos by RNA
injection. (A,B) Live 28 h embryo with axis duplication (A) and
stained for myoD (B). (C) Axial location of the injected RNA yiclds
no obvious defect in mesoderm patterning. (D) Expansion of somitic
mesoderm on the injected side of embryo. (E) Pux2. /-positive
intcrmediatc mesoderm (black arrowhcads) is missing on the injected
side (whitc arrowheads). (F) Fgf8 misexpression alters the d/v, but
not the a/p extent of the Pux2./ expression domain on the left,
injected side (midlinc is given by a dashed line; op, otic placode).
(G) No cffect is scen after injection of the acerebellar version
(lacking cxon2) of Fgf8 RNA, showing that the acerebellar transcript
is inactive in vivo. (H) lacZ control injections had no cffect. (1)
Summary of the cffects observed after injection of Fgf3. Left:
schematic fate map of a gastrula, and the Fgf8 gradient in the germ
ring. Right: ¢ q of miscxpressing Fgf8 in the respective
arca. All embryos shown are at carly to midsomitogenesis stages; B-
D, G, H show myoD in situ stainings of injected embryos, E and F
show Pax2./ in situ stainings; B-gal was detected by antibody
staining.

which in some cases encircle the embryo (not shown).
Consistent with the expansion of dorsal cell fates, Pax2./
expression in the intermediate mesoderm is suppressed or
shifted to more ventral levels (Fig. 6E). Notably, although
MHB expression of Pax2.!/ is expanded ventrally, it is not
expanded along the anteroposterior axis (Fig. 6F), showing that
Fgf8 is not sufficient to induce Pax2./ expression. These
findings are summarized in Fig. 61. Our misexpression studies
do not necessarily imply that Fgf8 normally functions in
dorsoventral patterning, but they do provide a sensitive assay
for functional activity of ectopically expressed Fgf8
transcripts. In contrast to the severe effects of misexpressing
wild-type Fgf8, injections of the ace mutant Fgf8 at the same
or a tenfold higher concentration causes no effect (Fig. 6G;
Table 1). We conclude that the Fgf3 transcript lacking exon 2
is inactive.

Requirement for Fgf8 in MHB development

Examination of living embryos and of histological sections
shows that the MHB fold and the cerebellum are absent in
acerebellar embryos (Fig. 7). In living embryos, the MHB fold
and the posteriorly adjacent cerebellar primordium are missing
(Fig. 7A,B). In histological sections, the MHB tissue is

Table 1. Summary of Fgf8 and aceFgf8 overexpression

Dorsoventral Double Necrotic/ L embryos

Experiment Injected RNA Normal effect axis disorganized (n=100%)
Fef8 25 pg FefX 35% 29% 15% 21% 34
overexpression 25 pg Faf8 + 250 pg lacZ 27% 49% 12% 12% 41
250 pg lacZ 60% 0% 4% 36% 25
aceFgf8 25 pg aceFgf¥ + S00 pg lacZ 65% 0% 1% 4% 168
overexpression 500 pg lacZ 78% 0% 0% 22% 7
250 pg aceFgf8 + 500 pg lacZ 83% 0% 0% 17% 59
25 pg aceFgf8 + 500 pg lacZ 79% 0% 2% 19% 53
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Fig. 7. Brain phenotype of acerebellar cmbryos. (A,B) At
pharyngula stage, mutant cmbryos lack a cerebellum and the mid-
hindbrain fold, but show an enlarged tectum (lateral view of living
cmbryos). (C,D) Sagittal scction of 36 hour embryos. (E,F) High
magnification view of arca depicted in C and D, showing the mid-
hindbrain phenotype in more detail. cb, cerebellum; tec, tectum.

eliminated posterior to the tectum opticum, which itself often
appears slightly enlarged (Fig. 7C-F). The MHB can be
subdivided into an anterior portion (probably still part of the
midbrain) and a posterior portion, which is thought to give rise
to cerebellum (Kimmel et al., 1995). Both portions are absent
in acerebellar mutants, showing that the defect is not restricted
to the cerebellar primordium. We do not know the fate of the
prospective fold tissue in acerebellar mutants but, since we
have not detected cell death in this region previously (Brand et
al., 1996), the apparent increase in the tectal tissue could reflect
a transformation to a midbrain fate.

Our above results show that cerebellar and MHB
development fail during embryonic stages in acerebellar
mutants. We therefore examined the expression of marker

genes of this area in a detailed time course (Fig. 8, Table 2).
Like Fgf8 itself, watl, Pax2.1, Engl, Eng2, Eng3 and Her$ are
expressed during normal development of the MHB primordium
(Krauss et al., 1991; Molven et al., 1991; Ekker et al., 1992;
Miiller et al., 1996). After initially widespread expression in
the midbrain primordium, expression of these genes is
restricted during mid-somitogenesis towards the posterior
midbrain and MHB. Expression of all marker genes that we
examined is initiated normally in acerebellar mutant embryos.
During early to mid-somitogenesis stages, however, expression
gradually fades in acerebellar mutants, but continues in wild-
type siblings. The expression domains of all markers gradually
narrow and seem to persist longest in dorsoposterior parts of
the MHB; eventually, expression is completely eliminated in
the mutants (Fig. 8, Table 2). The earliest defect is seen for
HerS5 at the 5-somite stage (Fig. 8G,J). These results show that
maintenance, but not initiation of gene expression at the MHB,
is affected in acerebellar mutant embryos.

Early Fgf8 expression does not require Pax2.1

To examine if establishment of Fgf8 signalling is dependent on
Pax2.1, a gene required for early midbrain development (Brand
et al., 1996; Lun and Brand, unpublished data), we examined
Fgf8 expression in no isthmus (noi) mutant embryos for
noi™2%, which lack a functional Pax2./ gene (Fig. 9). Up until
the 10 somites stage, we observe no difference in Fgf3
expression between wild-type and noi embryos (Fig. 9A). At
18 somites, expression is eliminated at the MHB, but not in
several other tissues (Fig. 9B,C). Since noi mutants lack the
isthmus at this stage (Brand et al., 1996), this is most likely a
secondary consequence of elimination of the tissue. We
conclude that Fgf8 signalling in the early MHB primordium is
activated independently of Pax2.//Noi.

Requirement during dorsoventral patterning and
mesodermal development

To study whether Fgf8 functions during development of the
mesodermal derivatives that it is expressed in, we examined
ace mutants with marker genes for axial, paraxial and
intermediate mesoderm, and found defects that are probably

due to weakly abnormal dorsoventral patterning (Fig. 10).
myoD is expressed in adaxial cells lateral to the notochord from

Table 2. Marker gene expression at MHB in ace

et 1som  3som  4som

7som 9som

11som 13som 15som 18som 24 hours

Fgte
Wnt1
Her5
Pax2.1
Eng1*

nd nd nd nd nd nd

Eng2 e ) | [ (S B ) (0 (R T () (S (G ) T e pe [
Eng3 . ) S ) (5 CR I (P G ) W R [ ) ) )

Expression of markers at the MHB duning shown lime course of zebrafish development.
Black bar shows normal expression at MHB, while dashed bar indicaies decreasing expression domain

as compared 1o wild type.

*Eng| transcripts could be detected only from 12 somites onwards in wild type and ace embryos using

non-radioactive in situ hybridization.

MHB, mid-hindbrain boundary, som, somites; nd, not detectable.
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80% epiboly onwards, and later spreads to the forming somites
in the paraxial mesoderm (Weinberg et al., 1996). myoD
expression in adaxial cells of acerebellar mutants is strongly
reduced at 80% to tailbud stages, and is interrupted during
somitogenesis stages (Fig. 10A-F).

Since Fgf8 is not yet expressed in adaxial cells or notochord
between 80% and tailbud, the early failure to express myoD
could reflect a weak requirement for Fgf8 in dorsoventral
patterning. To test a possible requirement in dorsoventral
patterning, we examined expression of eve/, fkd3 and BMP4
as markers for ventral and dorsal cell fates (Joly et al., 1993;
Chen et al., 1997; J. Odenthal, unpublished) and found no
difference at 50%, 80% and tailbud stages (not shown).
Likewise, Pax2.! expression in the intermediate mesoderm is
normal at 7 somites (Fig. 101,J). The tailbud is viewed as a site
of continuing gastrulation and patterning (Gont et al., 1993)
and expresses Fgf8. We find snaill expression
(Hammerschmidt and Niisslein-Volhard, 1993) to be absent in
the vicinity of the tailbud, possibly reflecting another weak
function for Fgf8 in gastrulation or patterning (Fig. 10K,L). We
conclude that early defects of myoD and snaill expression in
acerebellar mutants could reflect a weak requirement in
dorsoventral patterning. Notably, this
requirement is most apparent in the
future adaxial and somitic mesoderm,
close to the site of highest Fgf3
expression on the dorsal side.

Following activation throughout the
somites and adaxial cells, Fgf8
expression is successively confined to
anterior-lateral cells of wild-type
somites (Fig. 10Q,R). Both somite and
adaxial cell development is affected in
acerebellar mutants. During
midsomitogenesis, myoD and snaill
are expressed in condensing somites of
the wild type, but are reduced and
patchy in acerebellar mutants (Fig.
10E,FM,N). Towards the end of the
segmentation  period,  wild-type
somites assume a distinct chevron
shape and continue to express myoD
and snaill (Fig. 10G,0). In
acerebellar mutants, the somites
appear more block-shaped, and have
strongly reduced levels of myoD and
snaill (Fig. 10H,P).

To examine development of adaxial
cells, we studied expression of Eng in
muscle pioneers that are derived from
a subset of adaxial cells (Devoto et al.,
1996). Expression of Engl (not
shown) and Eng2 is reduced in
acerebellar mutants at 24 hours (Fig.
10S,T). Adaxial cells themselves

wt
eng2
ace

780m
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zebrafish you-to0 mutants, adaxial cells are missing, without
affecting overall myoD expression in the early somites (van
Eeden et al., 1996). In contrast, acerebellar mutants are
defective both in early adaxial cell development (Fig. 10A-D)
and in somitic expression of myoD and snaill (see above). Fgf8
may therefore function independently in development of both
cell types; alternatively, the defect could be an indirect
consequence of the earlier abnormal expression of paraxial
mesoderm genes like myoD and snaill. Given its anteriorly
restricted expression pattern at later stages, Fgf8 might also
function in polarization of somites along the craniocaudal axis
(Hrabe de Angelis et al., 1997). However, in mutant somites,
Fgr8 itself is still expressed anteriorly, and snaill is more
highly expressed posteriorly as in wild type, suggesting that
the mutant somites are still patterned along the rostrocaudal
axis (not shown).

Fgf8 in pectoral fin development

Teleost pectoral fins are homologous to tetrapod forelimbs
(Sordino et al., 1995). Fgf8 is discussed as an important regulator
of limb development, possibly by maintaining or inducing
expression of sonic hedgehog (shh) in the zone of polarizing

Fig. 8. Fgf8 is

d for the

¢ of MHB marker genes. Lateral views of dissected

depend on signals from the notochord
(Halpern et al.,, 1993). Brachyury/T
expression as a marker for notochord
(Schulie-Merker et al., 1992) was
however unaffected ai 80%, tilbud
and S-somite stages (not shown). In

brain primordia. Stages and markers as indicated. (A-F) Expression of Pax2./ in wild-type (A-C)
and acerebellar (D-F) cmbryos. Notice the gradual reduction in width at the MHB in B, E, and
the reduction of otic placode (A,D), optic stalk and anterior hindbrain expression in C versus F.
(G-L) Expression of Her5 in wild-type (G-1) and acerebellar (J-L) embryos. Expression of Eng2
in wild-type (M-O) and acerebellar (P-R) cmbryos. Arrowheads depict the width of the MHB,
brackets mark anterior hindbrain. op, otic placode.
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Fig. 9. Fgf8 expression at the MHB is independent of Pax2. 1.

(A) Expression of Fgf8 at the MHB in noi/Pax2.] mutant embryos
cannot be distinguished from their wild-type siblings at the 10-
somite stage. (B,C) At 18 somitcs, the expression of Fgf8 is absent
from the MHB in noi/Pax2. ] mutant embryos, due to the loss of
MHB territory. A-C show lateral views of Fgf8 in situ-stained
embryos. ht, hcart; mhb, mid-hindbrain boundary.

activity (ZPA; see Cohn and Tickle, 1996, for review). In
contrast to chicken and mice, Fgf8 expression starts in the
pectoral fin bud ectoderm only after initial fin bud formation, at
36 hours (Fig. 11B). At 48 hours, Fgf3 is confined to the distal-
most ridge of the developing fin (Fig. 11C,M), the equivalent of
the apical ectodermal ridge of other vertebrates (Wood, 1982).
engl and shh are activated earlier than Fgf8 in the fin bud of
wild-type embryos (Hatta et al., 1991; Krauss et al., 1993), and
Fgf3 is therefore probably not involved in the induction and early
patterning of the fin bud in zebrafish (Fig. 11A,E,H). To examine
if Fgf8 could function in later stages of fin development, we
analysed shh expression in the ZPA, and eng!/ expression in the
ventral-anterior fin bud, but could not detect an effect in
acerebellar embryos (Fig. 11F,G,1.J). Furthermore, the overall
structure of fins on day 5 of devel normal in
living acerebellar larvae (Fig. 11K,.L). We do, however,

consistently observe a slight increase in Fgf8 expression in the
mutants at 48 hours, possibly reflecting a later function for Fgf8
(Fig. 11D). Although there are no obvious defects, our data do
not exclude a late function for Fgf8 in development of the fin
bud, since other Fgfs could compensate for missing Fgf8
activity, as reported for other vertebrates (Cohn et al., 1995;
Crossley et al., 1996b; Ohuchi et al., 1997a).

We have described the isolation and expression pattern of
zebrafish Fgf8 and have shown that acerebellar is a mutation
in Fgf8. Unexpectedly, our analysis demonstrates a
requirement for Fgf8 in maintenance, but not initiation, of
MHB development. In addition, Fgf8 is weakly required for
normal dorsoventral patterning and in somite development.
Other tissues, like the pectoral fins, apparently require Fgf3 to
a lesser degree. Maternally supplied Fgf8 or other Fgfs may
compensate for the loss of Fgf3.

Cloning and expression
Within (he Fgf family, zebrafish Fgf8 is most closely related, by
plmonpammnndgenmucsmncm to the Fgf8
subgmup During development, Fng is expressed in many cell
populations that are known to be important signaling centers,
such as the shield (Spemann’s organizer), the anterior edge of the
neural plate, the MHB and the limb bud. A similar association of
Fgf8 expression with signaling centers occurs in other
vertebrates, often combined with expression of other Fgfs
(Heikinheimo et al., 1994; Crossley and Martin, 1995; Mahmood
et al, 1995; Bueno et al., 1996; Neubiiser et al., 1997). Our
detailed analysis of Fgf3 expression at the MHB shows that even
within a given domain expression can be very dynamic.
Strength of the acerebellar allele
The combined data of our linkage studies, analysis of the Fgf3
locus in acerebellar mutants, and of our phenotypic studies
show that acerebellar is mutated in Fgf8. A key issue is to what
extent Fgf8 activity is inactivated in acerebellar. Our analysis
shows that mutation of a 100% conserved residue in a splice
donor site following exon 2 leads to skipping of exon 2 in
mutant embryos (Fig. 4). In a direct comparison of the
prevalence of transcripts containing or lacking exon 2 with
flanking primers, only transcripts lacking this exon are
detectable in acerebellar mutants (Fig. 5). In the more sensitive
assay where one primer is located in exon 2, also transcripts
containing exon 2 are detectable, but only after two rounds of
PCR amplification; such transcripts are therefore probably rare.
They couid be maternal transcripts, or transcripts resulting
from incomplete inactivation of the mutated splice site.
Absence of exon 2 results in a frameshift and premature chain
termination of the predicied mutant protein. The conserved
amino acids encoded by exons 2 and 3 that are thought to be
important for Fgf function (Basilico and Moscatelli, 1992) are
absent, and the resuiting truncated protein is therefore probably
inactive. This prediction is confirmed by the results of our
injection experiments with RNA encoding the ace mutant
version of Fgf8, which even at 10-fold higher RNA
concentration does not have a biological effect (Fig. 6G).
While these results show that transcripts lacking exon 2 do not
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Fig. 10. Fgf8 is involved in mesoderm and somite patterning. (A,B) Expression of myoD is strongly reduced in adaxial mesoderm of

acerebellar embryos at 80% cpiboly (

point to of
mesoderm is interrupted in acerebellar (arrowheads). (E,F) myoD staining in the somitic derm is

). (C,D) At tailbud stage, myuD cxplcm in adaxial
d in mutants at the 10-

somite stage. (G,H) At 24 hours, the expression of myoD is weak in the smaller and lcts-well-dlﬂerennnd sommcs of acerebellar embryos.

(1,J) No obvious diffi could be d db
with Pax2./ staining at the 7-somite stage. (K,L) E

wild-type and acerebellar embryos in formation of intermediate mesoderm, shown here

duced in acerebellar cmbryos in the region around the tailbud at 6-

pression of snaill is

somitc stage (arrowhcads point to the wild-type border of cxpression). (M,N) At the 13-somite stage and (O,P) 20-somitc stage, snail !
transcripts are strongly reduced in the somites of mutant embryos. (Q.R) Dorsal view of wild-type embryo stained for eng2 (bluc) and Fgf8
(red, fluorescent) showing partial overlap of these expression domains at an carly stage of somite development (arrows). Note the restriction of

Fgf8 expression to anterolateral cells of the somites over time (anterior is to the left; brackets depict adaxial

cells; nc, hord). (S,T) Muscl

pioneers are reduced in acerebellar embryos, as shown here for 24 hours embryos with Eng?2 staining.

produce functional Fgf8 protein, the fact that we do observe a
minor amount of wild-type message containing exon 2 means
that acerebellar may not cause complete inactivation of Fgf8.
Elimination of the maternal component and isolation of further
alleles of Fgf8 can be used to address this issue.

Fgf8 function in dorsoventral patterning
In contrast to the drastic effect of misexpressing Fgf8 on
patterning of the gastrula, acerebellar mutants display a
surprisingly mild phenotype. One possibility is that ace is not
a null allele. A stronger phenotype was recently described for
mouse Fgf8 mutants: homozygous null Fgf3 mutants fail to
gastrulate and have no mesodermal derivatives, whereas
weaker alleles display phenotypes more akin to what is seen in
acerebellar mutants, including deletions of the posterior
midbrain and cerebellum (Meyers et al., 1998).

Other explanations are, however, also possible for the
weaker phenotype of acerebellar mutants. The maternal Fgf3

RNA that we have observed (which contains exon 2, Fig. 5)
could partially ameliorate the phenotype of acerebellar
mutants, thus ‘masking’ a requirement for Fgf¥ in zebrafish,
but not in mice, which have little maternal cytoplasm. We do
not consider this possibility very likely: in contrast to zygotic
RNA, maternal RNA is only detectable using the much more
sensitive PCR assay, but not by in situ hybridisation, and
maternal RNA may not be localized.

A more likely possibility is offered by the observation that Fgf8
is often coexpressed with other members of the Fgf family in
gastrulation (reviewed by Yamaguchi and Rossant, 1995). Prior
to and during mouse gastrulation, Fgf3, Fgf4, Fgf5 and Fgf8 are
expressed in distinct but overlapping patterns in the primitive
streak: whereas Fgf5 is found throughout the gastrula ectoderm,
Fgf3 is found in future mesodermal cells in the streak, and Fgf4
is at the anterior end of the streak. While the expression patterns
of these genes are suggestive, only Fgf4 is required during
gastrulation, whereas Fgf3 and Fgf5 are not (Feldman et al.,
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Fig. 11. acerebellar cmbryos show no severe defects in pectoral fin development. (A-D,M) Fgf8 expression in the finbud. (A-C) Wild type.
(D) acerebellar. No Fgf8 cxpression is detected at 30 hours of development. (E-G) shh expression in the ZPA precedes Fgf8 cxpression and is
not affected in acerebellar. (E,F) Wild type. (G) acerebellar. (H-J) engl (arrowhcads) in the ventral fin bud precedes FgfS and is normal in
acerebellar. (H,1) Wild type. (J) acerebellar. (K,L) Fins of wild-type (K) and acerebellar (L) cmbryos on day 5 of development are of similar
size and shape. (M) Fgf8 cxpression in the distalmost ridge, AER, of the developing fin at 48 hours of development (viewed from posterior). a,

anterior; dis, distal; dor, dorsal; p, posterior; pro, proximal; ven, ventral.

1995; Mansour et al., 1993; Hebert et al., 1994). An alternative
explanation for the absence of severe gastrulation defects in ace
mutants is therefore that other Fgfs can compensate for lack of
Fgf8, or that Fgf8 has only a weak function.

Inactivation of Fgfr! causes absence of somites, expanded
notochords and primitive streak defects. Fgfrl was therefore
proposed to be the receptor for an organizer-derived signal that
patterns paraxial mesoderm (Yamaguchi et al., 1994; Deng et
al.,, 1994). Based on its expression pattern and the phenotypes
seen after misexpression and loss of function, Fgf8 or a similar
Fgf could be this signal. Similar observations on the effects of
Fgf8 misexpression were made by M. Fiirthauer, C. Thisse and
B. Thisse, who also showed that Fgf8 misexpression alters the
distribution of the Bmp4 morphogen (Fiirthauer et al., 1997).
We note that the mild defect in activation and overall
expression of myoD in the acerebellar mutants is consistent
with a function of Fgf8 in dorsoventral patterning, in keeping
with the stronger gastrulation defect of the mouse mutant
(Meyers et al., 1998).

Fgf8 in MHB development

The dynamic pattern of expression of Fgf8 at the MHB is
compatible with the functional requirement that we have
observed. In chicken, beads containing Fgf8 or Fgf4 protein
placed into the posterior forebrain or alar hindbrain
primordium are able to induce ectopic isthmic, midbrain and

cerebellar structures, strongly suggesting a role for Fgfs in
MHB development (Crossley et al., 1996a). Our analysis of
Fgf8 requirement is generally compatible with these results.
However, the bead experiments have raised the possibility that
Fgf8 is the endogenous molecule which induces the midbrain,
a notion that is not supported by several observations. (i) At
the time Fgf8 is activated at late gastrulation stages, it clearly
marks the anterior hindbrain (Fig. 3). Posteriorly, its expression
extends to the thombomere 4/5 boundary and, anteriorly, it
abuts the Pax2./ expression domain. Since the Fgf8 and Pax2./
domains are largely non-overlapping at this stage, the early
expression of Fgf8 is clearly not sufficient to induce MHB
markers such as Pax2./. (ii) Secreted Fgf8 might act on the
anteriorly adjacent cells at a distance to induce midbrain fate.
We have observed, however, that misexpression of Fgf8 leads
to severe expansion of Pax2./ only along the d/v direction
during gastrulation (as a consequence of altered dorsoventral
patterning, see Fig. 6), but not to an expansion along the
anteroposterior axis as would be expected if anterior cells
could respond to Fgf8. Similarly, delocalized Fgf8 expression
does not alter early En/ and wnt! midbrain expression in mice
with altered Otx gene dosage; instead, the later restriction of
wntl and Fgf3 to the posterior midbrain is affected (Acampora
etal., 1997), similar to our findings in acerebellar. (iii) We find
that Fgf8 and Pax2.] expression come to gradually depend on
each other only during mid-somitogenesis, after the time when
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the anterior-most Fgf8 subdomain in the MHB region is fully
contained within the posterior Pax2./ domain. We speculate
that this time may coincide with the establishment of the
isthmus organizer in the region of overlap. (iv) In mice, Fgf8
activation at the MHB occurs only at the 3- to 4-somite stage,
and is thus preceded by activation of was/ and En/ as midbrain
markers (Crossley and Martin, 1995; Mahmood et al., 1995).
Taken together, Fgf8 is unlikely to act as the nous
inducer of midbrain development in zebrafish and mice.

What could be the real inducer? Experimental manipulations
in mouse, zebrafish and chicken have provided evidence for a
vertical signal in late gastrula stages from mesendoderm to
overlying ectoderm to activate expression of some, but not all
midbrain markers (Ang and Rossant, 1993; Miyagawa et al.,
1996; Darnell and Schoenwolf, 1997). To explain the ability of
Fgf8 beads to induce midbrain, Crossley et al. (1996a) proposed
that in normal development Fgf¥ expression in cardiogenic
mesoderm underlying the MHB could provide, by a vertical
path, the inductive signal. In zebrafish, cardiogenic precursors
have been fate mapped throughout development. They derive
from ventrolateral levels of the germ ring and migrate during
gastrulation into a longitudinal domain which moves closer to
the axis during early somitogenesis (Stainier and Fishman,
1992). Because we have not seen any Fgf8 expression in these
cells during gastrulation and because the shape and orientation
of the cardiogenic domain (longitudinal) versus the Fgf¥
ectodermal domains (transverse) are very different, cardiogenic
precursors are unlikely to provide the inductive signal for the
ectodermal expression at the MHB in zebrafish gastrulae. We
cannot rule out, however, that part of these cell populations are
adjacent to each other at some stage during development and
that signaling may occur between them.

An altemative source for the midbrain-inducing signal is the
germ ring from which mesendodermal tissues derive. Fate-
mapping studies in zebrafish have shown that a midbrain
primordium is already separately established at late
gastrulation stages (Woo and Fraser, 1995). Transplantation
studies have suggested that an unknown signal responsible for
hindbrain induction is present in the germ ring. This signal is
not mimicked by bFgf beads and is absent from the dorsal
shield (which has high levels of Fgf8), and may therefore not
be a member of the Fgf family (Woo and Fraser, 1997). During
gastrulation, FgfS-expressing and Pax2./-expressing domains
in the neural primordium look quite similar in shape and width.
By analogy to the hindbrain, the germ ring could therefore also
provide the signal responsible for midbrain induction.

Establishment and meintenance phases

On the basis of the evidence presented here, we suggest that
carly MHB development occurs in at least two phases. During
the establishment phase in late gastrulation, midbrain and
hindbrain primordia are set up independently, in a process that
does not require Fgf8. Given that Fgf% and pax2.1 are activated
independently of each other, at least two independent
signalling pathways must act in parallel during early MHB
development. The establishment phase is followed during early
somitogenesis by a maintenance phase during which gene
expression in the midbrain depends on signal(s) from the
MHB. The gain- and loss-of-function experiments in chicken
and fish together suggest that Fgf8 is required for the
maintenance phase, possibly in combination with wat/. The
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beginning of the maintenance phase may be coincident with
establishment of the isthmus organizer at the interface between
mid- and hindbrain territories.

Why then is Fgf¥ on its own, when misexpressed, sufficient
to reprogram posterior forebrain to midbrain and/or MHB
development? Many of the genes expressed in the maintenance
phase in the isthmus (Pax2.1, watl, Eng2, Eng3. Fgf8, Her5)
are also active earlier during the establishment phase in the
midbrain. We have shown here that MHB expression of Eng
genes, wntl, Her5 and Pax2.1, all require Fgf8 activity during
the maintenance phase, since they all start to fail in their
expression around early to midsomitogenesis and are
eventually eliminated in acerebellar mutants. It is thus likely
that Fgf% can impinge on their regulation. Thus, misexpressing
Fgf8 probably ectopically activates the complement of genes
that also acts during establishment of midbrain development.
Indeed, at least Fgf¥. wnrl and En2 are ectopically activated
following the Fgf8 bead insertion into neural plate tissve
(Crossley et al., 1996a). Moreover, ectopic Fgf% expression in
embryos with altered otx gene dosage recruits Enl and watl to
the ectopic position only afier some delay (Acampora et al.,
1997). Once re-established in an ectopic position, the gene
program could then develop accordingly.

What would be the normal function of Fgf8 during the
maintenance phase? During this phase, expression of many
marker genes is restricted to the posterior part of the midbrain
primordium, towards the zone of overlap between Fgf8 and
Pux2.] at the isthmus. A crucial function for Fgf¥, and possibly
for the isthmus organizer in general, may therefore be to ensure
polarized expression of midbrain markers, rather than initial
induction. In keeping with this possibility, we find that all
posterior midbrain markers we examined are absent from the
midbrain of acerebellar mutants at later stages.

A distinction between establishment and maintenance
functions for Fgfs has also been made for development of the
chick limb bud (for a review, see Cohn and Tickle, 1996;
Niswander, 1997). Similar to the situation at the MHB and as
with other Fgfs, Fgf8 bead implantation is able to activate the
full limb development program ectopically (Crossley et al.,
1996b; Vogel et al., 1996). The earliest signal (o establish limb
development is thought to derived from the mesenchyme of the
prospective limb bud. Fgf10 is expressed in the mesenchyme at
the right time, preceding Fgf¥ expression, and is able to induce
complete limbs (Ohuchi et al., 1997a), so Fgf8 could mimic the
limb-inducing action of Fgf10. Consistent with this possibility,
in two chicken mutants, /imbless and wingless. limb buds are
established independently of Fgf¥ expression (Grieshammer et
al., 1996; Ros et al., 1996; Ohuchi et al., 1997b). and Fgf8 is
only weakly required in mouse limb bud development (Meyers
et al., 1998). In zebrafish, Fgf¥ is neither expressed nor required
during pectoral fin bud formation (Fig. 11), arguing that also in
fish Fgf8 is not involved in fin bud establishment.

\Ve thank M. Firthaucr, B. Thisse, Ch. Thisse, G. Martin, S.
M. S. Schultc-Mcrker and D. Omitz for sharing unpublished
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and the D he F inschaft (SFB 317). D. Y. R. S. is
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GATA4 transcription factors, but the extracellular signals

heart precursor gene expression are not known.
We describe here that the secreted signaling factor Fgf8 is
expressed in and required for development of the zebrafish
heart precursors, particularly during initiation of cardiac
gene expression. fgf3 is mutated in acerebellar (ace)
mutants, and homozygous mutant embryos do not establish
normal circulation, aithough vessel formation is enly
mildly affected. In contrast, heart development, in
particular of the ventricle, is sbnormal in
acerebellar mutants. Several findings argue that Fgf8 has a
direct function in development of cardiac precursor cells:
J2f3 is expressed in cardiac precursors and lster in the

heart ventricle. Fgf8 is required for the earliest stages of

formation of the heart the
acerebellar beart phenotype, that Fgf signaling
is required independently of earlier functions during

MMMWMM}&W&:&MB
required for imduction and petterning of myocardial
precursors.

Kcy words: Cardiogenesis, Heart, Ventricle. fgf8. acerebellar.
nkx2.5, gatad, BMP, Zcbratish (Danio rerio)

INTRODUCTION

The heart is the first organ to form and function during
vertebrate embryogenesis. The fish heart can be viewed as a
prototypical vertebrate heart, since the process of heart
formation occurs in a similar way in all vertebrates (DeHaan,
196S; DeRuiter et al., 1992; Stainier and Fishman, 1992;
Stainier et al., 1993; Fishman and Chien, 1997). In zebrafish,
cardiogenic precursors involute shortly after the onset of
gastrulation and migrate medially as part of the lateral plate
mesoderm. The myocardial precursor cells form two tubular
primordia on each side of the midline at early somitogenesis.
These primitive tubes then fuse by the 20-somite stage and
enclose the endocardial precursor cells to give rise to the
definitive heart tube consisting of an inner, endocardial layer
and an outer, myocardial layer (Stainier and Fishman, 1992;
Stainier et al., 1993; Fishman and Chien, 1997). Around 24
hours post-fertilization (hpf), the heart starts beating and
circulation begins. The definitive heart tube is subsequently
divided into different chambers, with the atrium and the
ventricle being the most prominent heart structures. The atrium
can be distinguished from the ventricle by differential
expression of myosin heavy chains already at 24 hpf, and a
morphological distinction becomes apparent soon thereafter
(Stainier and Fishman, 1992; Stainier et al., 1993).

Although heart development has been well described
morphologically, the molecular events underlying this process
are only beginning to be understood (for reviews see Lyons,
1996; Olson and Srivastava, 1996; Fishman and Chien, 1997;
Mohun and Sparrow, 1997). Several families of transcription
factors have been implicated in heart development. A key
family are the vertebrate Nkx2.5 genes, which are homologues
of the Drusophilu gene tinman. In Drosophila. tinman is
expressed in the heart (or dorsal vessel) and visceral mesoderm,
and is required for heart formation (Azpiazu and Frasch, 1993;
Bodmer, 1993; Harvey, 1996). In vertebrates, Nkt2.5 is the
earliest marker for heart precursors in the lateral plate
mesoderm (Lints et al., 1993; Komuro and lzumo, 1993; Chen
and Fishman, 1996). Overexpression of nkx2.5 in Xenopus or
zebrafish causes a general increase in heart size (Chen and
Fishman, 1996; Cleaver et al., 1996). Targeted disruption of
Nkx2.5 in the mouse does not prevent formation of the heart
tube, but cardiac looping is absent and the expression of
downstream cardiac transcription factors is disturbed (Lyons et
al., 1995; Tanaka et al., 1999). At least two more Nk2 class
homeobox genes, nkx2.7 and Nkx2.8, are expressed early in the
developing heart, with nkx2.7 being expressed even before
nkx2.5 in the zebrafish (Lee et al., 1996; Brand et al., 1997).

A direct target gene regulated by tinman is the myocyte
enhancer binding factor-2 (D-mef2) of the MADS box-
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containing proteins, and loss of D-MEF2 function prevents
formation of cardiac muscle (Lilly et al., 1994; Bour et al.,
1995; Lilly et al., 1995; Olson et al., 1995; Gajeweski et al.,
1997). Likewise, the four mef2 genes in vertebrates are
expressed in precardiac mesoderm and mouse mutants for
MEF2C exhibit heart abnormalities (Edmondson et al., 1994;
Molkentin et al., 1996; Ticho et al., 1996; Lin et al., 1997). In
addition, several members of the GATA family of zinc finger
domain transcription factors are involved in cardiac
development. GATA4 is expressed in the presumptive heart
mesoderm and overexpression of GATA4 in mouse embryonic
stem cells enhances cardiogenesis (Kelley et al, 1993;
Heikinheimo et al., 1994; Laverriere et al., 1994; Jiang and

Evans, 1996; Grepin et al., 1997). In contrast, the failure of the
bilateral heart primordia to migrate medially and to fuse in
GATA4 knock-out mice is thought to be a secondary
1997,
1997a,b). Finally, basic

consequence of a defective endoderm (Kuo et al.,
Molkentin et al., 1997; Narita et al.,

Fig. 1. Circulation, blood
vessel formation and abnormal
heart morphology in
acerebellar mutants.

(A,B) Overview of blood vessel
system in a day-2 wild-type (A)
and an ace (B) larva. (C,D)
Confocal close-up of the blood
vessels in the head in a wild-
type (C) and an ace (D) larva
on day 2, with thc main vessels
in the tectum, at the mid-
hindbrain boundary and in the
hindbrain being affected in ace
mutants (arrows). The dashed
circle in D marks the position
of the eye. (E,F) The vessel at
the mid-hindbrain boundary (E,
arrowhcad) is missing in ace
mutant cmbryos (F, asterisk) at
24 hpf, detected by in situ
hybridization with fik-/. aa,
aortic arches; acv, anterior
cardinal vein; h, heart; hbv, hindbrain vessel; mhby, mid-hindbrain
vessel; tv, tectal vessel; sv, segmental vessel. (G-J) Malformation of
the heart in acerebellar larva (1) compared to wild type (G). G and |
are lateral views of living larvac, H and J are schematic
representation of the main structures in G and 1. (K.L) Endocardium
and myocardium arc present and appear normal in ace mutants.
(M,N) The heart is malformed and shortened in ace mutants, as
shown by MF20 antibody snmmg (frontal view). MF20 antibody
reacts with both cardi h $46 specifically stains
the atrium. (O,P) Double staining wuh MF20 and $46 facilitated
measuring the chambers and the average length of ace hearts
(83£16%, n=19) was found to be similar to the wild-type hcarts
(100£8%, n=10), whereas the ventricle was reduced in ace mutant
embryos. In wild-type cmbryos, the ventricke contributes 39£4%
(n=10) to the total heart length at 26 hpf, compared to only 24+7%
(n=19) in ace mutants. Ventricle reduction becomes more
pronounced, but is still variable at later stages: at 33 hpf, the
ventricle is severely reduced or absent in 60% of all ace embryos
(n=55), and lcss affected in the remaining cmbryos. (G-N) Day-2
larvae, (O,P) 26 hpf. a, atrium; be, blood cells; ¢, endocard; h, heart;
I, lens; m, myocard; p, pericard; v, ventricle; y, yolk.

region helix-loop-helix (bHLH) domain proteins play
important roles at later stages of cardiac morphogenesis, e.g.
in chamber-specific gene expression (Srivastava et al., 1995).

Although localized expression of transcription factors is
important for heart development, little is known about the
signaling molecules that control this expression. Endoderm,
ectoderm and Spemann’s organizer have been implicated as
sources for cardiac mesoderm inducing signals (Lyons, 1996;
Fishman and Chien, 1997; Mohun and Sparrow, 1997).
Misexpression of BMPs in anterior mesoderm of chick
embryos suggested that BMPs may induce expression of the
cardiac transcription factors Nkx2.5 and GATA4, and BMPs are
expressed close to the heart primordium (Schultheiss et al.,
1997; Andrée et al., 1998). In Drosophila, tinman is indeed
regulated by the BMP homologue decapentaplegic (dpp)
(Frasch, 1995). In additon, tissue culture studies have
demonstrated cardiogenic effects for Activin-A and FGF2, and
treatment of non-precardiac mesodermal explants from early
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Fig. 2. Cardiac expression of
Jf&f8 in relation to heart marker
genes in wild-type embryos.
(A-F) ff8 cxpression at
various stages of development,
as indicated. B and D arc cross
scctions of A and C,
respectively. (A,B) Cells in
lateral plate mesoderm express
fef8 (arrows) at the 3-somite
stage. (C,D) Expression
bilaterally to the neural tube
including cardiogenic ficlds
(arrowheads in C and arrow in
D) at the 8-somite stage.

(E) Ring-shaped expression in
the heart at 19-somite stage.
(F) Expression is
predominantly in the ventricle
at 36 hpf. (F) Dissected heart.
(A) Anterior to the top; (C,E)
anterior to the left; a, atrium; h,
heart; mhb, mid-hindbrain
boundary; os, optic stalks; r2,
rhombomere 2; r4,
rhombomere 4; v, ventricle.
(G-U) Double in situ
hybridization with fgf8 (black)
and indicated heart markers
(red fluorescence) of wild-type
embryo at given stages.

(G-I) fgf8 is expressed in close
proximity to nkx2.7. (J-L) fgf8
is expressed close to gatad.
(M-O) fgf8 expression partially
overlaps nkx2.5 expression
(star marks the same cell in M
and N). (P-R) fgf® expression
partially overlaps garad
expression. (S-U) fefS
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expression strongly overlaps
nkx2.5 expression. Brackets

indicate the two expression d ins. (V,W) S y of fgf8 exp

sion rclative to the described heart marker genes at given stages (grey, fg/8;

red, nkx2.5; blue, gatad, black, triple overlap). Embryos in G,HJ,K,M,N,P.Q,S,T arc flat mounted, anterior to the left; G,J,M,P,S arc bright-ficld
images, H,K,N,Q,T are fluorescent images of the same embryos; 1,L,O,R,U are cross sections at the indicated levels, lateral is to the right. mhb,

mid-hindbrain boundary; r4, rhomb 4.

chick embryos with a combination of FGF4 and BMP2 is able
to induce cardiogenesis in vitro (Sugi and Lough, 1995; Lough
et al., 1996).

Here we show that the secreted signaling factor Fgf8 is
required in vivo for heart development of the zebrafish.
Although expression of several Fgfs has been described in the
developing heart (Parlow et al., 1991; Spirito et al., 1991;
Engelmann et al.,, 1993; Mason et al., 1994; Crossley and
Martin, 1995; Zhu et al., 1996; Hartung et al., 1997; Miyake
et al., 1998), studying the function of Fgfs in development of
the vertebrate heart has been difficult, often due to early
lethality of the mutants or possible functional redundancy.
Analysis of the available loss-of-function mutations has not
revealed a specific function for Fgf signaling in the developing
heart so far (Feldman et al., 1995; Dono et al., 1998; Meyers
et al., 1998). Similarly, 3 out of 4 vertebrate Fgf receptors are
expressed during heart development, but their inactivation in
mouse embryos has not been informative with respect to

cardiac development (Orr-Urtreger et al., 1991; Yamaguchi et
al,, 1991; Peters et al., 1992; Deng et al., 1994; Arman et al.,
1995; Sugi et al., 1995; Thisse et al., 1995; Colvin et al., 1996;
Weinstein et al., 1998).

In contrast, functional studies in Drosophila do suggest a
role for Fgf signaling in cardiac development (Beiman et al.,
1996; Gisselbrecht et al., 1996; Michelson et al., 1998).

The isolation of many mutants affecting zebrafish heart
development in the systematic screens for embryonic zebrafish
mutants opens up the possibility to study the genetic control of
vertebrate heart development in great detail (Haffter et al.,
1996). The zebrafish mutant acerebellar (ace) was orginally
classified as a brain mutant (Brand et al., 1996) in which the
Jgf8 gene is inactivated (Reifers et al., 1998). Here we show
that analysis of this mutant unexpectedly reveals a pivotal role
for Fgf8 in myocardial induction. We examine in detail the
expression and function of Fgf8 in the deveioping zebrafish
heart, and propose that Fgf8 functions together with Bmps in
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induction of heart-specific gene expression upstream of nkx2.5
and gasa4.

MATERIALS AND METHODS

Zcbrafish were raised and kept under standard laboratory conditions
at about 27°C (Westerficld, 1994; Brand and Granato, 1999). Mutant
camiers were identificd by random intercrosses. To obtain embryos
showing thc mutant phenotype, two hetcrozygous carricrs for a
mutation were crossed to onc another. Typically, the cggs were
spawncd synchronously at dawn of thc next morming, and cmbryos
were collccted, soried, obscrved and fixed at different times of
development at 28.5°C. In addition. morphological fcatures were used
to determinc the stage of the cmbryos, as described by Kimmcl ct al.
(1995). In some cascs, 0.2 mM phenylthiourca (PTU) was added to
prevent melanization. Isolation and characterization of acerebellar is
described by Brand ct al. (1996) and Reifers ct al. (1998).

W
Mi y was Ily donc as described by Weinstein ct
al. (1995) Bncﬂy. cmbryos were injected with 0.0 mm diamcter
fluorescent latex beads (Molccular Probes). Bead suspension was
diluted 1:1 with 2% BSA in dcionized distilied watcr, sonicatcd and
bjcctied ¢ i for 2 minutcs in an Eppcndorf
microcentrifuge. Dechorionated embryos were anacsthetized with
tricainc as described and placed on an injection platform (Westerfield,
1994). A large bolus of bead suspension was injected into the sinus
venosus. The fluorcscent beads were uniformly distributed throughout
the vasculature of the embryo within minutes. Specimens were cither
photographcd on a Zeiss Axioskop microscope or scanncd using the
confocal microscope (Leica TCS4D) as rapidly as possiblc. Images
were assembled using Adobe Photoshop.

In situ hybridization and immunchistochemistry
In situ hybridizations (ISH) were donc as described by Reifers ct al.
(I998). and histology |s described by Kuwada et al. (1990).
hcmistry is described by Stainicr and Gilbert (1990).
MF20. anti-myosin hcavy chain, was obtained from the
Devclopmental Studics Hybridoma Bank. MF20 stains all cardiac
chambers. S46 was a kind gift from Frank Stockdale, Stanford
University. $46 specitically rcacts with the atrium and the sinus
venosus. Double-labelod embryos were stained with monocional
antibodics $46 (1gG1) and MF20 (1gG2b) followed by fluorcsccinated
goat anti-mousc IgGl and rhodaminated goat anti-mousc 1gG2b.
Heart length was measurcd on photographs of individually mounted
wild-typc and acerebellar cmbryos, hcart lcngth is given as
pereentage of wild-type length.

o
centr

RNA injections
fgﬁl subcloned mto pCSZ+ (Rnppcul 1994), and XFD (Amaya ct
. 1991) were | ibed usung the SP6 message

machmc kit (Ambion). Thc of RNA i d was

from the concentration and volume of a sphere of RNA injected into
oil at the same pressure scttings. Typically, about 25 pg of fe/8 RNA
or XFD RNA were injccted; RNA was dissolved in 0.25 M KCI with
0.2% phenol red and backloaded into borosilicate capillarics prepared
on a Suticr puller. During injection, RNA was deposited into the
cytoplasm of 2-ccll stagc cmbryos; in cmbryos after the first cleavage,
the RNA usually stays in the progeny of the injected blastomere, as
judged from the oftcn unilatcral distribution of control lacZ RNA, as
detected  with anti-B-gal antibody (Promcga, 1:500) after ISH
(Domscifer ct al., 1997). The cmbryos were tixed at the 6- to 8-somite
stage prior to ISH and annbody staining.

Bead implantations and inhibitor treatment
Heparin acrylic beads (Sigma) were washed in cthanol for 30 minutes,

then washed twice in PBS for S minutcs and finally coated with
recombinant mouse FGF8 protcin (R&D Systems; 0.25 mg/mi).
Protcin-coated beads were stored for scveral weeks at 4°C without
detectabic loss of activity. FGF8 or PBS control beads were implanied
in the lawcral platc mesoderm of S- to 7-somite stage acerebellar
mutant cmbryos, the embryos were fixed at the 10- to 12-somitc stage
prior to ISH. For pharmacological inhibition of Fgfr activity. wild-
type embryos were treated with SUS402 (Calbiochem; Mohammadi
ct al., 1997) at 8 pum in cmbryo medium at 28.5°C in the dark for the
indicated time periods.

RESULTS

Circulatory system shows only minor defects in
acerebeliar

Wild-type embryos examined at 36 and 48 hpf (n=107) have
successfully established normal circulation, whereas ace
embryos fail to do so, with 23% having no circulation, and 77%
of the acerebellar mutants (n=159) having variably reduced
circulation. To examine whether the defect in the circulatory
system of acerebellar mutant embryos is due 10 a malformation
of the heart itself or the blood vessel system, we analysed
vessel formation by microangiography, i.e. visualization of
circulation by injecting fluorescent latex beads into the sinus
venosus, and by staining for blood vessel marker gene
expression. Microangiography at 48 hpf revealed an overall
normal organization of the blood vessels in those acerebellar
embryos that established circulation (Fig. 1A-D). Likewise, the
expression pattern of fik-/, a receptor tyrosine kinase that is a
marker for blood vessel endothelial cells (Fouquet et al., 1997;
Liao et al., 1997) appears largely normal in all acerebellar
mutants, except for an absence of vessels in the dorsal brain
(Fig. 1E,F), which is most likely a secondary effect due to the
brain defects in mutant embryos (Reifers et al., 1998, Picker et
al., 1999). Taken together, these results suggest that blood
vessel formation in acerebellar mutants is overall normal; in
contrast heart development is severely abnormal.

Ventricle is strongly reduced in acerebetier

The zebrafish heart is composed of four subdivisions: the sinus
venosus, the posterior atrium, the anterior ventricle and the
bulbus arteriosus (Stainier and Fishman, 1992). The prominent
atrium can be readily distinguished from the adjacent ventricle
in living wild-type embryos (Fig. 1G,H). Heartbeat frequency is
approximately normal in the mutants at 28 hpf (1067
beats/minute, n=5) versus the wild-type (11126 beats/min, n=5),
but the heart of acerebellar mutant embryos is severely
dysmorphic (Fig. 11J). Histological sections show that
subdivision into an inner endocardial and outer myocardial layer
occurs normally (Fig. 1K,L). In contrast, immunohistochemical
analysis with the myosin heavy chain antibodies MF20 and the
ventricular-specific antibody S46 and measurements of heart
length shows that the heart is overall shorter, and that in
particular the ventricular part is reduced (Fig. |M-P).

1gf8 is expressed in the developing heart

Since the heart is affected in acerebellar mutant embryos and
since fgfX¥ expression during zebrafish heart development has
not been analyzed previously, we examined the expression
patiern of fgf8 in the developing heart in detail, relative to
several markers for cardiac precursors by double in situ
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hybridisation. Already at the blastula stage, fgf8 is expressed
all around the margin of the embryo (Fiirthauer et al., 1997;
Reifers et al., 1998), which includes the fate map position of
cardiac precursors ventrolaterally (Warga and Kimmel, 1990;
Stainier and Fishman, 1992). The expression of fgf3 at the mid-
hindbrain boundary at tailbud stage (Fig. 2G-1) is located close
to the posterior part of the expression domain of nkx2.7, which
includes cardiac precursors in zebrafish (Lee et al., 1996).
From the 3-somite stage onwards fgf8-positive cells can be
observed in the lateral plate mesoderm in the area of the
incipient heart field (Fig. 2A,B). At the 4-somite stage fgf¥ is
expressed in the lateral plate mesoderm adjacent to the
posterior part of the gata4 expression domain (Fig. 2J-L),
which includes the heart precursors (Kelley et al., 1993; Jiang
and Evans, 1996; Serbedzija et al., 1998). Mesodermal fgf%
expression partially overlaps with the expression domain of
nkx2.5 at the 7-somite stage (Fig. 2M-0), for which it has been
shown that the anterior cells contribute to the heart (Serbedzija
et al., 1998). At the 8-somite stage a subset of the fgf8
expression lateral to the embryonic axis includes the
myocardial precursors (Fig. 2C,D), which arrive in this region
at this timepoint in development (Stainier and Fishman, 1992).
The fgf3 expression overlaps partially with the expression
domains of gata4 and almost completely with nkx2.5 at the 11-
somite stage (Fig. 2P-U). At the 19-somite stage the bilateral
myocardial primordia meet caudal to the mid-hindbrain
boundary to form a mesodermal ring-like structure which
expresses fgf8 (Fig. 2E). At 36 hpf atrium and ventricle can be
morphologically distinguished, and fgf% expression is stronger
in the ventricle (Fig. 2F); expression persists at least until 48
hpf, the latest stage we examined. These data suggest that Fgf8
could function during the earliest stages of cardiac precursor
development, and in the differentiated heart.

Expression of heart markers ie affected in
acerebelier

Since fgf8 is expressed early on in close association with the
heart precursors and acerebellar embryos fail o develop
proper hearts, we analysed the expression of cardiac marker
genes in acerebellar mutant embryos (Table | and Fig. 3).
nkx2.7, gata4 and nkx2.5 are affected from the onset of
expression. Importantly, gata6-positive cells are present in
mutant embryos, demonstrating that the lateral plate mesoderm
cells that are normally destined to become cardiogenic
precursors are present (Fig. 31J). In addition, we could not
detect an increase in apoptotic cell death in the lateral plate
mesoderm of acerebellar embryos (data not shown).
Expression of nkx2.7 is strongly reduced as early as the |-
somite stage in acerebellar embryos (Fig. 3A,B), but recovers
quickly. Expression of the zinc-finger transcription factor
Rata4 is also clearly reduced in mutant embryos at the 3- 10 6-
somite stage (Fig. 3C,D). The most severe effect was detected
for nkx2.5 expression, which was strongly reduced or absent
between the 3-somite and 15-somite stages in acerebellar
embryos (Fig. 3E.F). At the 11-somite stage the fgf¥ expression
domain partially overlaps the nkx2.5 domain and reaches
further posterior at least to the level of rhombomere S. In
acerebellar mutant embryos the anterior part of nkx2.5
expression is severely reduced and the expression in the
posterior subdomain is completely absent (Fig. 3G,H). At late
somitogenesis stages, all heart markers tested (nkx2.5, nkx2.7,

fgf8 induces heart development 229

gata4, gatab and bmp4) recover in the intensity of their
expression in the remaining heart precursors of acerebellar
mutant embryos (Table 1). However, a size-reduction of the
mutant hearts remains detectable with these markers even at
later stages (Fig. 3K.L and not shown). We conclude that fgf8
expression partially overlaps with 7kx2.5 in heart precursor
cells and that Fgf8 is required for expression of nkx2.5.
Interestingly, the requirement may be stronger in the posterior
part of the nkx2.5 domain, since this expression is completely
lost in acerebellar mutants (Fig. 3G,H). This early defect in
mutant embryos may account for the subsequent loss of heart
structures.

Fgf8 can rescue early expression of cardiac genes
in acerebeliar

The requirement of acerebellar/fgf8 during the earliest stages
of cardiac gene expression raised the possibility that Fgf8 is an
inducer of heart development. To further examine this issue,
we injected synthetic RNAs encoding fgf¥ or a dominant
negative Fgf receptor into wild-type and acerebellar embryos.
In addition to the described dorsalizing effect (Fiirthauer et al.,
1997; Reifers et al., 1998), fzf8 injection can restore gata4, but
not nkx2.5 expression in mutant embryos at the 6-somite stage
(Fig. 4A,B). 14 out of 45 (31%) acerebellar mutant embryos
show strong gata4 expression after fgf¥ injection on the
injected side. Surprisingly, none of the injected mutant
embryos re-expressed nkx2.5 in response to fgf¥
overexpression by RNA injection (n=26; but see below); lacZ
control injections gave no effect (not shown).

While gara4 expression is restored in mutant embryos,
neither nkx2.5 nor gata4 expression was induced outside their
normal expression domain following fgf8 RNA injection into
wild-type or ace mutant embryos (Fig. 4A and not shown).
This suggests that competence to respond to Fgf8 signaling is
restricted to these subregions of lateral plate mesoderm
including the prospective heart primordium.

We suspected that the failure to rescue nkx2.5 expression in
the mutant embryos by RNA injections could be due to the
dorsalizing influence of fgf8 overexpression during gastrula
stages (Fiirthauer et al., 1997; Reifers et al., 1998). To examine
this possibility further and to test whether Fgf8 signaling could
occur directly within the heart field during postgastrulation
stages, we implanted Fgf8 protein-coated beads at the 5- to 6-
somite stage into the lateral plate mesoderm of wild-type and
acerebellar mutant embryos. 8 out of 10 operated mutant
embryos strongly reexpressed nkx2.5 on the bead side:
implantation of PBS beads (1=6) gave no effect (Fig. 4E,F).
Interestingly, implantation of Fgf8-soaked beads into wild-type
embryos also results in a slight posterior expansion of the
endogenous nkx2.5 domain (Fig. 4G). These data indicate that
gatad expression is dependent on Fgf8 signaling, while nkx2.5
expression requires in addition to Fgf8 another factor, which
may have been delocalized during gastrulation by the
dorsalizing effect of fgf8 RNA injections (see Discussion).
Taken together, these experiments show that Fgf8 signaling is
required but not sufficient for gata4 and nkx2.5 expression
during early somitogenesis stages.

To further study the requirement of Fgf signaling for the
expression of nkx2.5 and gata4, we analysed the expression in
wild-type embryos where Fgf signaling has been blocked either
pharmacologically or by injecting RNA encoding the dominant
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4
wt nkx2.5 ace
Fig. 3. Fgf8 is required for cardiac marker gene expression. Stages

nkx2.5

and markers as indicated. (A,B) Expression of nkx2.7 in wild-type
(A) and ace (B) embryos. (C,D) Expression of gara4 in wild-type (C)
and ace (D) embryos. (E-H) Expression of nkx2.5 in wild-type (E,G)
and ace (F,H) embryos. Notice the differential sensitivity of the
posterior nkx2.5 domain (dashed lines). (1)) Expression of gatat
(arrows) in wild-type (1) and ace (J) embryos. (K,L) Late cxpression
of nkx2.5 in dissected hearts of wild-type (K) and ace (L) embryos.
A-F show dorsal views of wholc cmbryos, anterior to the top.
Embryos in G-J are flat mounted, anterior to the left. Embryos in
G,H are stained for nkx2.5 and nil (black) and gata4 (red). Embryos
in | and J are double-stained for myoD to genotype the embryos
(Reifers et al., 1998).

negative Fgf receptor XFD (Amaya et al., 1991). 32 out of 73
(44%) injected wild-type embryos show a strong reduction or
even absence of gata4 expression. In the case of nkx2.5, 67%
(35 out of 52) of the XFD-injected embryos have altered gene

Table 1. Cardiac marker gene expression in

acerebellar mutants

Marker gene

expression Isom 3som 6 som ISsom  22som 26 som
gatad nd - - + + +
gatab nd + + + + +
nkx2.5 nd - - - + +
nkx2.7 - + + - + +
bmp4 nd nd nd + + +

som: somite-stage. + unaffected, — affected, nd. not detectable.

expression (Fig. 4C,D). Interestingly, the described effects
could only be observed if the misexpressed RNA was located
in mesodermal cells (data not shown), suggesting that Fgf
signal reception is required only within the mesodermal layer.
While these results are consistent with a dependence of nkx2.5
and gata4 expression on Fgf signaling in the heart field, they
could also be explained by an earlier requirement for Fgf
signaling in dorsoventral patterning during gastrulation. To test
whether Fgfs are specifically required after gastrulation during
early somitogenesis for heart development, we treated wild-
type embryos with SUS5402, a potent inhibitor of Fgfrl
function (Mohammadi et al., 1997). Since SU5402 blocks
Fgfrl activity by binding to a region identical in all four Fgfrs
(Johnson and Williams, 1993), it probably blocks all Fgf
signals, including Fgf8. Inhibitor treatment during early
somitogenesis results in a phenocopy of the acerebellar heart
phenotype (not shown), including failure to initiate nkx2.5
expression (Fig. 41-K). This confirms that Fgf signaling is
required specifically during early somitogenesis for initiation
of heart development. As in acerebellar homozygous embryos
(see above, Fig. 3F and Table 1), nkx2.5 expression recovers
after transient treatment in early somitogenesis (Fig. 4J,M).
Continuous inhibitor treatment, however, prevents this
recovery (Fig. 4K,N), suggesting that recovery is due to other
Fgfs that act during later stages of heart development.

fgf8 iself is later expressed specifically in ventricular tissue
(Fig. 2F), and acerebellar mutants show strongly impaired
ventricle development (Fig. 10,P). The ventricle defect could
either be a consequence of abnormal formation of the
primordium, or could represent an independent later function
of Fgf8. To distinguish these possibilities, Fgf signaling was
inhibited by SUS5402 treatment after initial primordium
formation, from late somitogenesis onwards. This treatment
results in absence of ventricular tlissue and apparent
enlargement of atrial tissue, indicating that Fgf signaling
continues to be required specifically for ventricular
development (Fig. 40,P).

Cardiovascular phenotype of acerebellar

Our analysis shows that fgf8 is expressed in and required for
the development of cardiogenic precursors of the zebrafish
heart. Homozygous acerebellar/fgf8 mutants fail to initiate
proper gene expression of the cardiac transcription factors
nkx2.5 and gata4, resulting in a severely malformed heart.
Protein bead implantations and receptor inhibition show that
Fgf8 can act directly on the myocardial primordium during
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Fig. 4. Fgf8 functions in the heart primordium. (A,B) Misexpression of fgf® in ace embryos by RNA injection. Localization of lacZ co-injected
cells with an antibody to b-gal (brown). fgf8 RNA injecﬁon can restore gata4 (A), but not nk.t2.5 (B) expression in mutant cmbryos.

(C,D) Expression of XFD in wild-type cmbryos by RNA i ion. Locali

of lacZ co-injected cells with an antibody to f-gal. XFD RNA

injection suppresses gata4 (C) and nkx2.5 (D) expression in wild-type embryos. (E.F) Implantation of a Fgf&-«ouked bead (arrow) after

gastrulation can rescuc nkx2.5 expression in ace cmbryos (E), while PBS bead gives no cffect F.@G)1

(arrow) after gastrulation can caudally extend (dashed linc) the endog

of a Fgf8-soaked bead
in in wnld—lypc embryos. (H) Modcl of Fgf8

nkx2.5 exp d

function in cardiogencsis. All embryos are oriented with anterior to the left; A,B,E-G are flat mounted; C,D are dorsal views of whole embryos.
nkx2.5 and gata4 were detected by in situ hybridization. (I-P) Fgfr inhibitor treatments. (1-K) 10-somite stage, (L,M) 15-somite stage, (N) 18-
somite stage, (O,P) 26 hpf. (I-N) nkx2.5 and myoD expression detected by ISH; dorsal view of whole embryo, anterior to the left. (O,P) Double
staining with MF20 and $46 antibodics, lateral vicw, anterior to the left. (I-N) Embryos have been treated with SU5402 from the 1-somite stage
onwards for 2 hours (J,M) or continuously (K,N). (1,L) Non-treated control embryos. nkx2.5 expression is absent after short exposure to the
inhibitor at the 10-somite stage (J), but begins to recover at the 15-somite stage (M). Continuous treatment results in permancnt loss of nkx2.5
expression (K,N). (O,P) Embryos that have been continuously treated with SU5402 from the 18-somite stage ds show no icul

tissue (P); compare with the untreated control (O). Arrow marks the ventricle, arrowheads point to the MF20-positive somites. a, atrium; v,

ventricle.

postgastrulation stages. We therefore propose that Fgf8
functions in induction of the earliest cardiac gene expression
(Fig. 4H).

In addition to its role in cardiac precursor development (see
below), fgf8 is more specifically required in the ventricle of the
zebrafish heart at later stages, since this is the most strongly
affected structure in acerebellar embryos. This finding is
consistent with the predominant expression of fgf8 in the
ventricle. In addition to fgf8, fgf1, fgf7 and fgf12 are reported
to be expressed in a chamber-specific manner. Additional fgfs
are expressed during heart development (fgf2, 4, 13 and 16)
(Parlow et al., 1991; Spirito et al., 1991; Engelmann et al.,
1993; Mason et al., 1994; Zhu et al., 1996; Hartung et al., 1997;
Miyake et al., 1998). Although data conceming their function
in heart development are lacking, the presence of these
additional Fgfs may account for the variability of the

acerebellar heart phenotype, since the other Fgfs might
partially compensate for the lack of Fgf8. The stronger effect
on nkx2.5 expression in myocardial precursors of inhibitor-
treated embryos compared to the expression in acerebellar
mutants, and the loss of ventricular tissue after late inhibitor
treatment are consistent with this possibility.

Our analysis of the vascular system in acerebellar mutants
shows that the defect in circulation is largely, if not exclusively,
due to the severely dysmorphic heart. This is consistent with
the fact that fgf8 is expressed during several stages of heart
development. fgf8 expression is closely associated with some
or all heart precursor cells from blastula stage onwards and is
later on expressed in the ventricle of the heart proper. Since
Fgf8 is likely to be a secreted molecule (Baird, 1994; Fernig
and Gallagher, 1994; Fiirthauer et al., 1997; Reifers et al.,
1998), it may very well function in signaling processes in the
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heart mesoderm. Consistent with this possibility, the Fgf
receptors fgfrl. frfr2 and fgfr4 are expressed during vertebrate
heart development (Orr-Urtreger et al., 1991; Peters et al.,
1992; Sugi et al., 1995; Thisse et al, 1995). Functional
inactivation of the four mouse Fgf receptors causes either no
heart phenotype or results in early embryonic lethality
preventing analysis of heart development (Yamaguchi et al.,
1991; Deng et al., 1994; Arman et al., 1995; Colvin et al., 1996;
Weinstein et al., 1998). Our study predicts that Fgfrs probably
also function in heart development, possibly in a redundant
fashion. In vitro binding studies of Fgf8 protein to Fgfrs
suggest Fgfr3 and Fgfr4 as the most likely candidates
(MacArthur et al., 1995; Omitz et al., 1996; Blunt et al., 1997).

Fgi8 requirement for initiation of cardiac gene
expression

Our results demonstrate that Fgf8 is necessary for initiation
of cardiac gene expression, since the onset and early
expression of gata4, nkx2.5 and, less severely, nkx2.7 in the
heart precursor field are affected in acerebellar mutant
embryos. acerebellar embryos also display minor defects in
mesoderm during gastrulation (Reifers et al., 1998). These
defects are however unlikely to account for the heart
phenotype described here, since fgf8 is expressed in and can
function independently in the developing heart precursors.
The results of our Fgf8 bead implantations and of the
inhibitor treatment both argue that Fgf8 functions in the heart
primordium independently of its expression in general
endomesodermal precursors during gastrulation (Reifers et
al., 1998). Fgf8 function is required for the expression of
cardiac genes for different periods of time: from its onset at
the tailbud/1 somite stage, nkx2.7 is very transiently affected,
whereas gata+ and nkx2.5 are strongly affected until mid- and
late somitogenesis, respectively. Afier this early requirement,
the expression recovers at least in the remaining heart cells
of acerebellar mutants. This recovery most likely reflects
functional redundancy with other Fgf family members at later
stages in cardiac mesoderm. Recent studies in frog and mouse
demonstrated that the rinman-related Nkx genes in vertebrates
are essential for heart development (Grow and Krieg, 1998;
Tanaka et al.. 1999). In addition, it has been shown in vitro
that GATA4 enhances cardiogenesis (Grepin et al., 1997).
Since GATA4 may cooperate with Nkx2.5 in activating
downstream cardiac genes, and since GATA4 can act as a
transcriptional activator of cardiac Nkx2.5 expression
(Durocher et al., 1997; Durocher and Nemer, 1998; Searcy et
al,, 1998; Lien et al., 1999), it appears that these two
transcription factors work within a transcriptional network to
drive cardiac development. Since both factors are affected
very early in acerebellar mutant embryos, we suggest that the
failure of early myocardial nkx2.5 and gata4 expression may
largely account for the severe malformation of the mutant
hearts at later stages.

gatab, another cardiac transcription factor of the GATA
family (Kelley et al., 1993; Heikinheimo et al., 1994;
Laverriere et al., 1994; Jiang and Evans, 1996), is not affected
in acerebellar mutants. gata6 expression may therefore occur
independently of Fgf signaling. The presence of gata6-positive
cells also demonstrates that the failure 10 activate proper
expression of nkx2.7, nkx2.5 and gata4 is not due to the
absence of the cardiac precursors, a possibility that was raised

by Fgf involvement in cell migration processes (Bodmer and
Venkatesh, 1998; Sun et al., 1999).

Signaling events in the cardiac primordium

As the loss-of-function situation in acerebellar mutants clearly
demonstrates, gata4 expression is initially dependent on Fgf3
function. In addition, fgf¥ is sufficient to restore gatad
expression in the endogenous domain. This suggests that Gatad
may be a target for Fgf8 signaling. Interestingly, however, fgf8
RNA injections cannot restore nkx2.5 expression, while a bead
applied after gastrulation as a localized source for Fgf8 protein
is able to do so. One possible explanation is that an additional
factor is needed for proper nkx2.5 expression, which might
have become delocalized or suppressed by the dorsalizing
effect that fgf8 RNA overexpression has on the zebrafish
gastrula (Fiirthauer et al., 1997; Reifers et al., 1998). A
candidate for this additional signal is BMP2, since BMP2-
coated beads or BMP2-producing cells can induce Nkx2.5
expression in chicken embryos (Schultheiss et al., 1997;
Andrée et al., 1998). Previous exposure to BMP2 or another
BMP signal in gastrulation could therefore be necessary for
responsiveness of nkx2.5 to Fgf8 induction. Our observation
that skx2.5 expression is not restored by fgf¥ RNA injections
into acerebellar mutants is consistent with this possibility,
since fgf3 overexpression during gastrulation suppresses bmp2
expression (Fiirthauer et al., 1997), thereby eliminating the
required second signal at early stages. In Fgf8 bead implanted
embryos, bmp2 expression in gastrulation is not affected due
to the later stage of implantation, hence allowing rescue of
nkx2.5 expression (Fig. 4E).

Several lines of evidence suggest a role for BMP2 in
cardiogenesis. (i) BMP2 is expressed close to precardiac
mesoderm and later on in the heart (Lyons et al., 1989, 1990;
Schultheiss et al., 1997; Nikaido et al., 1997: Andrée et al.,
1998). BMP2 mutant embryos show cardiac defects, and a
subset of the BMP2 mutant embryos does not express Nkx2.5.
BMP2 may therefore be directly required for cardiogenesis,
although the alternative possibility that the heart abnormalities
are secondary to altered patierning of the gastrula cannot yet
be ruled out (Hogan, 1996; Zhang and Bradley, 1996;
Kishimoto et al, 1997). (ii) The Nkx2.5 heart enhancer
contains partial consensus sequences for the Smad transducers
of BMP signaling. Although this element also contains GATA
binding sites that are required for expression (Searcy et al.,
1998; Lien et al., 1999), they cannot be sufficient since Fgf8-
driven gata4 expression does not restore nkx2.5 expression in
acerebellar embryos. (iii) The general idea that Nkx2.5
expression is regulated by the BMP pathway is also suggested
by Drosophila studies (Frasch, 1995). (iv) In veriebrates,
Lough et al. (1996) demonstrated in vitro that the combined
action of BMP2 and FGF4, but neither factor alone, promotes
cardiogenesis in non-precardiac mesodermal explants. Taken
together, these data and our observations suggest that Bmp2
may be the second signal needed and that Fgf8 cooperates with
Bmp signals to initiate cardiogenesis (Fig. 4H). A similar, but
antagonistic cooperation between FGF and BMP signals has
been suggested to occur in tooth development (Neubiser et al.,
1997).

Interestingly, Fgf8 may be differentially required for the
expression of nkx2.5. The caudal part of the nkx2.5 expression
appears to be more dependent on functional Fgf8 than the
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rostral part, since this caudal subdomain is always affected
more strongly in acerebellar mutants. These cells contribute to
the otic vesicle (Serbedzija et al., 1998), which also shows
malformations in acerebellar mutants (Brand et al., 1996:; S.
Léger and M. B., unpublished). The anterior notochord has
been shown to produce an inhibitory effect on the caudal-most
nkx2.5 expression (Goldstein and Fishman, 1998), and the
possible differential requirement for Fgf8 in this domain
suggests that Fgf8 may counteract this inhibitory signal from
the notochord in wild-type embryos. This idea is further
supported by our Fgf8 bead implantations into wild-type
embryos, which result in a caudal extension of nkx2.5
expression. The same expansion can also be observed in nrl
mutants lacking a normal notochord, or after notochord
ablation in wild-type embryos (Goldstein and Fishman, 1998).
Thus, in this circumstance an Fgf signal, probably Fgf8, is even
sufficient to activate nkx2.5 expression in a longitudinal
domain of the lateral plate mesoderm.

The involvement of Bmp and Fgf signals in cardiac
induction may provide an explanation for the ability of the
heart precursor field to regulate itself after laser ablation
(Serbedzija et al., 1998), since non-ablated cells in the lateral
plate mesoderm, which usually would not give rise to heart
tissue, may now be driven into cardiac fate by the inductive
signals they receive. Since fgf¥ continues to be expressed in
the heart, it may well perform, apart from its role in induction
of early gene expression in heart precursors, additional
functions in development of the heart, e.g. in polarization or
control of proliferation, as has been proposed for other tissues
(Picker et al., 1999). Human fg/8 mutations are not yet known,
but given our findings it is conceivable that heart disease would
be among the symptoms.
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Appendix 5: Analysis of BMP pathway mutant heart phenotypes: lost-a-fin and
snailhouse mutations

lost-a-fin (laf) is a mutation in the zebrafish homologue of the alk8 gene which

encodes a Bmp receptor.67’68 Mutants display heart fusion defects as seen by cmlc in
situ hybridization analysis at 22 hpf (Fig. 27 A, D). bmp4 expression at 36 hpf reveals
pharyngeal endoderm dysmorphology in this mutant as the field of bmp4 positive cells
does not extend anteriorly (B, E) or posteriorly (C, F) to the normal extent. MF20 S46
immunofluorescence at 48 hpf reveals grossly dysmorphic hearts, likely results from the
earlier fusion delays. As mutant hearts exhibit defects at early steps in heart
development, the role of /afin AV boundary formation could not be properly assessed.

snailhouse (snh) is a variably expressive mutation in the zebrafish bmp7

gene.69:70 AV boundary formation appears normal in mildly affected mutant embryos
(Fig. 28, compare wildtype (A) to mutant (B-E), arrows indicate boundary). However, in
class IV snh mutants (F) the boundary appears less well-formed. This may suggest a role
for Bmp7 in AV boundary induction or simply reflect earlier defects in general heart
induction in these severely affected embryos. I favor the latter hypothesis as the mutant
heart (F) does appear to be much smaller than normal. However recent work on

bmp5/bmp7 double knockouts implicates these genes in both trabeculation and AV

cushion formation.”1
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Figure 27
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Figure 28
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Appendix 6: RNA in situ analysis of zebrafish heart differentiation.

Figure 29. Analysis of potential AV boundary markers in zebrafish. (A-D) msxB,
msxC, msxD, and msxE all encode members of the Msx class of homeodomain proteins.
Members of this class are reportedly expressed at the AV boundary in chick and mouse.
msxB (A, lateral view) shows no apparent AV expression. msxC and msxD (B, C, ventral
view) seem to have some expression in the heart although neither is strongly expressed.
msxE (D, lateral view) may also be expressed, although again very lightly. (E, F) As first
seen by J. Reiter (Reiter and Stainier, unpublished observations), serrateB is expressed in
the AV boundary (lateral views). This expression is missing in jeky/l mutant embryos.
(G) bmpRIDb is expressed myocardially throughout the anteroposterior extent of the heart
as shown in this c/o mutant embryo (ventral view). (H) notch) is reportedly expressed in
the endocardium and myocardium at the valve however, this probe has never worked well
(lateral view). (I) snail2 (an orthologue of the chicken gene slug) may be expressed at
the boundary at 72 hpf, albeit lightly (ventral view). (J, K) br146, a versican orthologue,
is expressed throughout the heart at 24 hpf and then becomes restricted to the boundary
by 48 hpf. At 48 hpf, it is also expressed in the distal fin bud and in the semicircular
canals of the otic vesicle (lateral views). (L, M) fibulin-1 is also expressed in the
myocardial AV boundary, becoming restricted after 38 hpf and before 48 hpf. This
restriction occurs after the bmp4 myocardial expression becomes restricted at 36 hpf
(ventral views). (N-P) hl5 is expressed throughout the anteroposterior extent of the heart
at all stages examined (ventral views). (Q) Frank Reifers first noted that nkx2.5 is
restricted to the AV boundary at 48 hpf, this is an example of his in situ hybridization

experiment (lateral view). (R, S) My efforts to repeat this result have not shown the
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expression as cleanly however there may be some heightened expression at the boundary
that is missing in c/loche mutants (ventral views). (T-V) Frank also noted gata6 restriction
(data not shown) however I could never repeat that result (ventral views). In all cases
arrows indicate the AV boundary.

Figure 30. (A-H) A time course of notchlb expression in wt and jekyll mutants.
notch1b restriction occurs sometime between 42 hpf (C, D) and 45 hpf (G) in wildtype

and fails to occur in the jekyll mutant (H).
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Appendix 7: Analysis of TC2 antibody staining of jeky!l and cardiofunk mutant embryos

TC2 antibody detects a glycosaminoglycan attachment site on some
proteoglycans.”2 The colocalization of TC2 staining and anti-Versican antibodies in
early chick development suggests that the chondroitin sulfate proteoglycan is at least one
of the targets of the TC2 antibody. The general absence of TC2 staining in hdf mice
which are homozygous for insertions in versican, is further evidence that TC2 recognizes
Versican.

Here I show that TC2 antibody does crossreact with fish proteins and that
consistent with its role in chondroitin glycosaminoglycan production, jekyll mutant
embryos fail to stain with TC2 (Fig. 31). Wildtype (A) and jeky!l mutant (B) hearts at 48
hpf, note the absence of staining in the mutant ventricle compared to wildtype (arrows
indicate ventricle). At this stage TC2 epitope is present throughout the heart however
ventricular levels appears higher.

Later, staining is observed in the branchial arches (C, high magnification of
wildtype arches at 4 dpf, arrow indicates first arch). This staining is absent in the jekyll
mutant (compare E with wildtype embryo in D) but unaffected in cardiofunk mutants (F)
consistent with the observation that alcian staining is unaffected in this mutant (Walsh,

data not shown).
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Appendix 8: Attempts to establish a binary system in zebrafish.

My initial project in the Stainier lab was the creation of a transgenic binary
system for tissue specific misexpression in order to assess the role of Bmp4 in heart
development. I began this by testing for transient transactivation through coinjections of
RNAs encoding either Lac repressor or Gal4 based transactivator proteins and their
appropriate reporter constructs. These experiments pointed toward a LacVP16 based
misexpression system as the Gal4 construct tried never elicited reporter expression (this
was later shown to be a problem with the transactivator construct I had been working
with).

After completing these first experiments, I set out to create a myocardially
expressing lac-vp16 construct using the Xenopus alpha cardiac actin promoter73 (a kind
gift of Dan Weeks, University of Iowa). Injection of a linearized version of this DNA
construct into single cell embryos was performed. About 100 F, founders were raised to
adulthood and intercrossed to PCR identify those with germline transmission. Sixteen
founders had transgenic germlines and of those four expressed the lacvpl6 gene as
assessed by RNA in situ hybridization. One of the expressing transgenics had low levels
of heart restricted expression of lacvpl6. The remaining three had much more
ubiquitous expression patterns.

A dual-specifity reporter (UL1- for UAS/Lac Binding site-1) was created for the
system so that it might be used in concert with LacVP16 and Gal4 expressing lines.
Embryos were injected, raised to adulthood, and identified by PCR. However no
intercross of the lacvpl6 transgenics with the reporter transgenics ever yielded reporter

gene expression. It was later shown by N. Osborne that a CA expansion had occurred in
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the minimal promoter (the mouse wnt! minimal) of the reporter construct (Osborne and
Stainier, unpublished observations). This is likely why no transactivation was ever -
observed in the transgenics.

As most laboratories are now employing Gal-based systems, the lacvpl6 and ul]
transgenics have been sacrificed. Currently, as detailed in chapter 3, work in the Stainier ~y
lab focused on constructing a Gal4VP16 based system for misexpression experiments in

the endocardial and myocardial cell layers.
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Appendix 9: Comparison of wildtype and jekyll notchlb neural expression at 36 and 48
hpf. Figure 32. notchlb appears to be expressed more broadly in the developing
rhombomeres of jekyll (B, D) mutant embryos than wildtype (A, C). While these data
required further confirmation and genotyping analysis, they suggest that jeky!l may be

required for neural development.
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Appendix 10. Future Directions.

There are three main veins of experimentation that arise as a result of the work
presented in this thesis:

1) exploration of the role of Neuregulin in the process of valve formation (chapter 3--
pgs. 47-51, Fig. 20)

2) determination of the cell autonomy of the jeky!/ mutation and relative contribution of
HA and proteoglycans in the process (chapter 3--pg 51 and appendix3 respectively)

3) further analysis of the role of snailhouse in AV boundary formation (chapter 3--pg.
47, appendix 5)

These are discussed at length in the text and will not be revisited here. There are,

however, a number of interesting subquestions not considered thus far in this text which

will be explored here.

The first and perhaps most interesting subquestion is the nature of the
cardiofunk/jekyll genetic interaction. If, as bmp4 expression analysis of single mutants
suggests, cardiofunk acts downstream or in parallel to the jekyl/l mutation, why do these
two mutations fail to complement? This question can be answered simply by examining
the expression of valve restricted genes (bmp4, notchlb, fibulin) in double heterozygous
embryos. There are multiple possible outcomes. If the double heterozygous embryo has
the same bmp4 expression as a cardiofunk mutant, this may suggest that jekyl/ has
multiple sequential roles in valve formation, one of which involves the pathway in which
cardiofunk acts. This would be the most exciting result as it would mean that sensitized
screening using the jekyll background might be able to isolate mutations in multiple

pathways functioning sequentially at the AV boundary to establish valve formation. If,
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however, the double heterozygous embryo has the same bmp4 expression as a jekyll
mutant, interpretation of this result might be much more difficult. This finding would
suggest that cardiofunk might act at multiple steps but is only absolutely required at a
post bmp4-restriction step. In either case, this simple experiment will certainly shed
more light on the process of AV boundary formation.

This approach can also be applied to another, as yet unnamed, second site
interactor I recovered from the jekyl/ map cross. This mutation was determined to be
second site as affected embryos show no apparent alcian staining defects. While it is still
possible that this mutation lies in the cardiofunk gene, if it does not, analysis of double
heterozygotes will add yet more depth to our understanding of valve formation. Tom
Bartman is now performing complementation testing of this mutation with cardiofunk.

It will also be interesting to analyze the roles of Bmp and Notch signalling in AV
valve formation. Simple approaches to this will be injection of embryos with
morpholinos targeting bmp4, notchlb, and serrateB. Gain-of-function and dominant
loss-of-function experiments examining the roles of these signalling pathways will be
easily executed with the creation of the GalVP16 misexpression system detailed in
chapter 3. For instance, endocardial expression of the activated norch-intra domain will
help to determine if the AV boundary endocardial clustering that correlates with
upregulation of notchlb expression is a result of increased notch signalling. Also
comparison of dominant negative Bmp receptor expression in endocardium versus
myocardium will help to determing whether Bmp4 signals in an autocrine or paracrine

fashion.
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Lastly, much attention needs to be directed toward determining the role of jeky!/
in muscularization/trabeculation of the ventricle. It will be interesting to determine if the
late (3 dpf) toggling phenotypes that develop in some has2-morpholino injected embryos
(appendix 3), as well as some of the novel mutations being isolated by Benno Jungblut
and Suk-won Jin as part of the Baier screen, represent a trabeculation defect phenotype
occuring in the absence of defects in atrioventricular valve development. If so, it is
possible that jekyll may be playing separable roles in the ventricle and valve. Currently I
favor a single role for jekyll in a ventricular differentiation step that is required for both
trabeculation and AV boundary establishment. However, it is still formally possible that
there are two separate functions: a potentially HA-dependent trabeculation role, and a
separate role in differentiation of the AV boundary. Transient rescue experiments with
myocardial and endocardially expressed GalVP16; UAS-ugdh constructs may help to
tease this apart. Transient experiments would provide expression of ugdh in discrete
domains of the heart which may reveal sublocalized requirement of Ugdh function for
specific aspects of the jekyll phenotype. If Ugdh function in the valve is spatially distinct
from its function in the ventricle, it would be consistent with the possibility that Ugdh is
required in two separate signalling events in the heart. However this evidence would
only be correlative, more definitive experiments would include analysis of genetic
interaction between jekyll and mutations that result in trabeculation defects.

As is apparent in many of the remaining questions listed here and in the text, there
are three approaches that will be invaluable in future study: further screening to isolate
additional mutations affecting these processes, molecular epistasis and characterization of

those mutant phenotypes, and perhaps most importantly, the establishment of a GalVP16
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misexpression system to detail the cell autonomy and signaling direction of implicated
signaling pathways between the endocardial and myocardial layers of the heart. These
combined techniques are what sets analysis of the zebrafish heart apart from analysis of
more embryologically manipulable hearts like those in mouse and chick. These
approaches allow zebrafish researchers to answer, in a more molecularly definitive
fashion, the various and plentiful remaining questions regarding late heart

morphogenesis.
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Reagents and Methods
Zebrafish strains and studies
Zebrafish were maintained and staged as described 74. One allele of jekyll (m151) was

obtained from Mark Fishman (MGH) and used for these studies. Strains bearing tie2-

GFP46 were created by crossing of a tie2-GFP hemizygote with a jekyll heterozygote.

Phenylthiourea (Sigma) was used to inhibit pigmentation in some cases (0.003% w/v).

Sequencing

All sequencing was performed by the Genome Core Facility at UCSF.

Sequence, Mapping and Synteny Analysis

Analysis of all DNA sequence was performed using DNA Strider, BCM Search
Launcher, NCBI Blast, Contig Analysis Program (CAP), Primer3 program, Webcutter
2.0, REBASE and Sequencing Analysis 3.3. Protein analysis used the above programs as

well as SWISS-MODEL, and Rasmol.

Mapping was done with Map Manager 2.6.5 and Excel.
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Synteny analysis between zebrafish and human was done using the Genome Database
(GDB), OMIM, Stanford Zebrafish Genome Project database, Tubingen RH Map of the
Zebrafish Genome, WashU-Zebrafish Genome Resourses, MGH Zebrafish WWW
Server, ZFIN, and the Children's Hospital Zebrafish RH Map. Particularly helpful were

GDB, Tubingen and Children's Hospital maps.

Linkage analysis, mapping, and cloning

Haploid wild-types and diploid mutants from AB/SJD hybrids were genotyped for agarose
polymorphisms in z1154, 220950, and 26974 (using the MGH Zebrafish WWW Server
published primers), as well as an SSCP polymorphism in the 3’UTR of /db3 (using the
primers: FF-GAGAGAAGGTGTGTGCGTG, R-CCTTTTCAGAATTTGGGTTG). The
coding sequence mutation in ugdh was determined by sequencing wild-type and mutant
cDNA clones isolated with primers designed from zebrafish EST sequence information
(zebrafish ugdh, accession: AF361478; fc15f10 ugdh EST, accession: AI657608). The
mutations were confirmed by dCAP-based39 restriction-fragment length polymorphism
generated by the T to A substitution at base pair 992 using the primers, 5°-

GACATGAATGAATATCAGAGAAAGAG-3’ and 5’-AGGAGAAACCCAACAACGC-

3’, and digesting with Mlul.
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Injection and morpholino experiments

All injections were performed on a Drummond Nanoject II microinjector with a Narshige
micromanipulator. Embryos were aligned in rows on1.3% agarose/Embryo medium plates
containing methylene blue as an antifungal agent. Morpholinos for ugdh, has2, and ig-neu
were injected at 4 and 8 ng. Morpholinos were dissolved in 300 ul ddH20 or ImM Hepes to
create 1mM stocks. Those stocks were then diluted 1:10 for injection at either 2.3 or 4.6 nl
per embryo. Injections were targeted either for the single cell of for the yolk directly

underneath it. PACs180A23, 142J10, and 97M23 were injected for rescue as 2.3 nl of a

0.006 ug/ul solution.

Sequences:

ugdh-biotin 5-TCTTTTTAATCTGAAACATCGTGTC-3'
has2-biotin 5'-GCTGACCGCTTTATCACATCTCATC-3'
ig-neu 5'-CCATGATGCAGTTTAGATGTGGGAT-3'
Transplantation experiments

All transplantations were performed on sphere stage embryos. Embryos were aligned in rows
on1.3% agarose/Embryo medium plates containing methylene blue as an antifungal agent.
Donors were labelled by injection with 5% rhodamine dextran. Dechorionation was
performed by hand. Approximately 30 cells were transplanted into two locations in the germ

ring to increase probability of heart anlage contribution.
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Alcian Green staining

Embryos were fixed for 8-24 hours at 3-6 days post fertilization in 1ml 4% PFA, Fix was
removed and 1ml of the Alcian solution was added (embryos were incubated 8-24 hours
at room temp with shaking). Alcian was removed and embryos washed 4 times in
acid/alcohol solution. Acid/alcohol was slowly replaced with ddH2O and then embryos
were washed gently in PBST. For bleaching purposes, embryos were incubated for 20
minutes in 3% H202 in 0.5M KOH and washed g_ently again in PBST before clearing in
0.5% KOH/glycerol.

Alcian reagents:

acid/alcohol: final concentration 0.37% HCl, 70% EtOH

alcian green: 0.1% alcian green powder in acid/alcohol

0.5% KOH/glycerol: final concentration 0.25% KOH, 50% glycerol

In Situ Hybridization

Embryos were dechorionated before fixing in 4% paraformaldehyde (PFA) at 4 degrees C
overnight. Embryos were washed twice in PBST, and dehydrated by 5 washes in MeOH
over 10 minutes. Embryos were rehydrated in graded washes of MeOH and PBST (5
minutes each). After 4 washes in PBST embryos were digested in 10ug/ml proteinase K at

room temperature (24 hpf for 5 minutes, 36 hpf for 25 minutes, 48 hpf for 35 minutes and 72
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hpf for 45 minutes). Embryos were then washed twice in PBST, post-fixed in 4% PFA for
20 minutes at room temperature, and washed again 5 times in PBST. 65% Hyb was added to
the tubes, and they were incubated at 70 degrees C for 4-6 hours before prewarmed probe
diluted in 65% Hyb was added for incubation overnight. Embryos were then washed in
graded Hyb/2X SSC washes at 70 degrees C (15 minutes each). Then they were washed
twice in 0.2X SSC at 70 degrees C (30-45 minutes each). Embryos were then washed
through graded 0.2X SSC/PBST washes into PBST at room temperature (5 minutes each).
Embryos were blocked in 10% sheep serum, 2mg/ml bovine serum albumin (BSA) in PBST
for 90 minutes at room temperature, incubated in 1:5000 diluted AP conjugated anti-
digoxigenin antibodies in 2mg/ml BSA in PBST, and washed 8 times overnight in 2 mg/ml
BSA in PBST. Embryos were rinsed 3 times in fresh NTMT and then incubated with
substrate as necessary. Reaction was stopped in PBST, and embryos dehydrated in MeOH
before clearing in 2:1 benzyl benzoate:benzyl alcohol.
Reagents for In Situs:
In all cases millipure water was considered RNAse free and vials/bottles were rinsed with
RNAse ZAP and ddH20 before use.
1 x PBST--Add 1ml of 100% tween to 1 L of PBS to get a final concentration of 0.1%tween..
10 x PBS stock--Prepare RNAse Free; 40g NaCl, 1g KCl, 7.2g Na2HPO4, 1.2g KH2PO4
Add 450ml of dH20 and dissolve above reagents. pH to 7.3 and then top off to

500mls. Autoclave for 20 min at 151b/sq in on liquid cycle. Store at RT
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20 x SSC--Prepare RNAse Free; 175.3g NaCl, 88.2g Na citrate. Add 800mls of dH20.
pH to 7.0. Add remaining water to 1 L and autoclave.

65% HYB solution--Prepare RNAse Free
For 100mls of 65% HYB add the following: 65ml of formamide deionized,
25ml of 20x SSC (RT), 100ul of 50mg/ml stock Heparin (4°C), 1ml 10% Tween,
1ml of 0.9M Citric Acid (pH 6.0) stock, 7.9ml ddH20. Add stir bar and 0.1g of tRNA.
Aliquot into sterile 15ml Falcon tubes and store at -80°C.

Staining buffer-NTMT--make fresh every time
For 10mls: 1ml of 1.0M Tris pH 9.5, 0.5ml of 1.0M MgCI2, 0.2ml of 5.0M NaCl,
0.1ml 10% tween20, and 8.2ml ddH20

Substrate Solution per 1ml of the above Staining buffer NTMT.
4.5ul NBT (75mg/ml NBT in 70% dimethylformamide)

3.5ul X-phosphate (50 mg/ml X-phosphate in dimethylformamide)

bmp4 EcoRI T7
col2a HindIII T3
fef8 Xhol T7
msxB BamHI T3
nkx2.5 EcoRI T7
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ntl Notl T3

snail2 Xbal T7
notchlb BamHI T3
irx4 Notl T7
notch5 BamHI T3
ugdh(10.1.1) Apal SP6
fc73b01 Pvull T7
bri46 Notl T7
fibulin Xhol SP6
neuregulin  Spel 7
bmpRI1b BamHI T3
sox9a EcoRV T7
sox9b Stul T7
MF20 S46 Antibody staining

As previously published by Alexander et al.3
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TC2 Antibody staining

Embryos were fixed in 4:1 MeOH:DMSO at -20 degrees C overnight to a few days, then
washed through graded EtOH's into water. Next, embryos were washed 2x 10' each in
PBS, blocked overnight in 3% BSA/1% normal goat serum in PBS + 0.5% DMSO.
Embryos were then incubated over day and night in undiluted TC2, washed 4x 30' each
in PBS + 0.5% DMSO, and incubated in FITC-goat anti-mouse IgM 1:100 in block

overnight. After final washes (5x 30' each in PBS) embryos were mounted and viewed.

Methylene Blue staining
Embryos were fixed and sectioned in JB4 plastic medium from Polyscience, Inc. as per
kit instructions. Mounted sections are immersed into warm (60 degree C) 0.005%

Methylene blue in ddH20 for 60-90 seconds, then rinsed in ddH20 until water is clear.

Microscopy

All microscopy, fluorescence and DIC, was performed on an Zeiss Axioplan compound
microscope. Images were either saved as files using an Zeiss Axiocam or taken as slides
using E-6 Kodak film and scanned with a Sprintscan 35 slide scanner. Mounting of
hearts was performed at times by dissection of embryos in benzyl benzoate:benzyl
alcohol with small curved scissors from fine science tools. Analysis of images was

performed using Canvas 5.0 and Adobe Photoshop 4.0.
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Whole RNA preparation, cDNA preparation, 3' RACE and general subcloning

For whole RNA preparation Trizol reagent was used as directed. For 3' RACE cDNA
preparation, Gibco BRL's 3'RACE Superscript II kit was used. Amplification was
performed using Promega taq in buffer B and the lab PCR mix buffer using the universal

adapter primer (UAP) provided in the kit as well as a gene-specific primer.

PCR was electrophoresed on al% Nusieve GTG gel or Seaplaque GTG gel from BMA,
depending on fragment size. DNA containing fragments are cut from the gel, melted at 68
degrees, and used in a ligation reaction using the Promega TA cloning kit. 50ul reaction
was prepared with 20ul gel, 25ul 2x buffer, 2ul ligase and 1ul pGEM vector and
incubated at 15 degrees overnight. Transformation reactions was prepared with 20ul of
ligation reaction added to 20ul of 5x KCM buffer and 60ul of sterile dH20. 5x KCM
buffer consists of 0.5M KCl, 0.15M CaCl2, and 0.25M MgCI2. This mix was added to
75-100ul of commercial chemically competent cells. Incubate on ice for 20 minutes, 42
degree C heat shock for 45 seconds, and returned to ice before a 30-60 minute rescue at

37 degrees C and plating on agarose media appropriate antibiotics.



Sense RNA production

In all cases a mMessage machine kit from Ambion was used.

PAC DNA Preparation

5 ml cultures were grown overnight at 37C in TB ("terrific broth", recipe in Sambrook et
al. 1989, A2) containing 25 ug/ml kanamycin. 250 ml TB (25 ug/ml kanamycin) was
innoculatde in 2.8 L culture flask w/ the 10 ml overnight culture and shake at 37 C
overnight. Qiagen "Qiafilter Maxiprep" kit was used to prepare DNA. PACs 77C7,
78P16, and 95SF2 were isolated by PCR using primers for z20950 on PAC library pools
and oriented using nearby markers and markers derived from end-sequencing of the PAC
clones. PACs 142J10, 97M23, and 180A23 were isolated by PCR using zZUGDH F1 and
R1 primers for ugdh (see figure 9). Sizing of PACs was performed by pulse field gel

electrophoresis of Notl digests in a 1% agarose gel made with 0.5X TBE.

Genomic DNA Preparation

Dechorionated embryos or clipped fins were placed in single tubes of an 8-tube
microstrip. Egg water was removed and 50-100 pl Embryo Lysis buffer added.
Embryos were boiled at 98 degrees C for 10 minutes, then 5-10 pl of 10 mg/ml

proteinase K (in dH20) was added. Embryos were incubated at 55 degrees C for 6 hours
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and then boiled again. Detritus was centrifuged to the bottom of the tube and supernatent

was removed and diluted 1:50 for use at 5 pl per PCR reaction

PCR Amplification
Typically, 18 ml of lab PCR mix, 0.325 ml of each 20 mMolar primer, 0.6 ml Taq
and appropriate amounts of DNA template/ddH20 were used with the following PCR
program:
94 degrees  1-5 minutes
cycle 25-35X
94 degrees 45 seconds
T,-5 degrees 45 seconds

72 degrees  1-2 minutes

72 degrees 10 minutes

B-xyloside treatment
B-xylosides (Sigma) were dissolved in egg water at 1, 5, and 20 mM concentrations and

added to embryos (dechorionated and undechorionated) at a number of timepoints.
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