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Abstract

Zebrafish mutants isolated from large-scale chemical mutagenesis screens display
defects in various aspects of embryonic development (Driever, 1996; Haffter, 1996).
The aim of this project was to investigate the role of monorail™®, eisspalte®’”,
otter™® and shrink®' in central nervous system (CNS) development, both by
characterisation of mutant phenotypes and by genetic mapping and identification of the
mutated genes. It was anticipated that the findings would provide new insights into
early vertebrate brain development by increasing knowledge of the components
involved in neuronal patterning and axon pathfinding in the CNS.

Phenotypic analysis of homozygous monorail™** mutant embryos revealed a
reduction in the width of the floor plate in the ventral CNS as well as defects in
induction and patterning of adjacent neurons in the midbrain and hindbrain. The gene
was mapped to linkage group 17 in a region harbouring two fork head genes, foxAl and
foxA2, both of which are expressed in the floor plate. Sequence analysis of foxAl
revealed no significant changes in amino acid sequence between monorail and wild-
type siblings. Sequence analysis of fox42 identified a nonsense mutation in the
conserved fork head DNA binding domain in monorail. This change creates a stop
codon and results in absence of 84 % of the DNA binding domain, complete loss of
transactivating domains II and III and is predicted to render the FoxA2 protein non-
functional.
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Phenotypic characterisation and genetic mapping of shrin and
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977 was undertaken and revealed defasciculation of forebrain commissural

eisspalte
axons and abnormal retinotectal projections in all mutants. These genes were mapped
to linkage groups 6 (shrink) and 14 (otter and eisspalte). Further investigation of

possible candidates for the shrink, otter and eisspalte phenotypes is underway.
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1. Introduction

1. Imntroduction

1.1 Zebrafish biology

The zebrafish (Danio rerio; formerly known as Brachydanio rerio) is the first vertebrate
organism used in large-scale mutagenesis screens to identify genes involved in
embryonic development (Driever ef al., 1996). It has many advantages as a model
organism including external development and optical transparency during
embryogenesis, allowing for direct observation of tissue movements, cell behaviour and
interactions; small size, about 4 cm in length, which allows maintenance of large
numbers of animals in a small area; short generation time, 2-3 months and prolific
reproduction, females generate hundreds of eggs per week. Development of embryos
occurs through a series of morphologically distinct stages, which include the zygote (0-
0.75 hours post fertilisation; hpf), cleavage (0.75-2.25 hpf); blastula (2.25-5.25 hpf),
gastrula (5.25-10 hpf), and segmentation (10-24 hpf) periods. At 35 hpf the larva

hatches from the chorion and becomes free-swimming (Kimmel ef al., 1995; Fig.1.1).

In the early 1980s, George Streisinger and colleagues developed methods to
manipulate the ploidy and parental origin of zebrafish genes (Streisinger et al., 1981,
1986) e.g. gynogenetic haploid embryos are generated by fertilisation of secondary
oocytes with UV-irradiated sperm. It is also possible to produce both homozygous and
‘half-tetrad’ gynogenetic diploid adult fish (Postlethwait and Talbot, 1997). The
availability of thousands of mutant lines has identified novel genes, which regulate
various aspects of development and enable mechanisms involved in early embryonic

patterning to be elucidated (Mullins ez al., 1994; Driever et al., 1994).
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Fig. 1.1 Zebrafish anatomy during the first five days of development.
Source: Kimmel et oL, Dev. Dyn. (1995) 203:253.
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1. Introduction

1.2 Mutagenesis screens

Chemical mutagenesis is the most efficient and widely used means of inducing
mutations in zebrafish. The chemical N-ethyl-N-nitrosourea (ENU) is used to
mutagenise zebrafish spermatogonial stem cells, the sperm from which are then used to
fertilise eggs in vitro. This method induces single nucleotide mutations by alkylating
guanine residues resulting in GC- to AT transitions.  Mutations producing
developmental phenotypes are then recovered in an F; breeding scheme (Mullins et al.,
1994; Solnica-Krezel et al., 1994; Fig. 1.2). In 1996, an entire issue of the journal
Development published the results of the characterisation of almost two thousand
mutations derived from two large chemical mutagenesis screens (Driever et al., 1996;
Haffter er al., 1996).

Many of the mutants currently being studied were first identified in these two
large-scale screens. More recently, a further large-scale genetic screen (‘Tibingen
2000”) has been carried out by collaboration between Artemis Pharmaceuticals and
laboratories at the Max Planck Institutes of Developmental Biology and Immune
Biology, the University of Heidelberg, the Howard Hughes Medical Institute in Boston
and University College London. These screens have focussed on specific aspects of
development, including hindbrain patterning, neural crest migration, heart function, and
bone formation. A third of the mutants have developmental defects that primarily affect
one or more organs, body shape and the rest show more widespread abnormalities.
Many of the cloned genes encode transcription factors, ligands and their receptors and
many were identified as important developmental genes in other species. All the genes
so far identified have orthologues or clearly related genes in human.

Apart from chemical mutagenesis, other methods of inducing mutations in the

zebrafish genome include insertional mutagenesis, whereby a Moloney murine
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1. Introduction

leukaemia-based retroviral vector is used as the mutagen (Golling er al., 2002).
Retrovirally mutated genes can generally be identified within two weeks and the ease of
gene cloning has allowed isolation of genes required for early development, which
encode a wide range of proteins. The other technique is gamma irradiation (Walker et

al., 1999), which uses the mutagen y-yo to introduce large deletions into the zebrafish

genome.

The zebrafish therefore provides a ‘forward genetic’ approach for assigning
function to genes and positioning them in developmental and/or disease-related
pathways. As many of the zebrafish mutant phenotypes identified in genetic screens are
reminiscent of human disorders, it is possible to gain insight into their corresponding
pathophysiology. Many vertebrate specific and clinically relevant developmental
processes are being investigated using the zebrafish. For instance the one-eyed pinhead
(0oep) mutant displays cyclopia and lacks ventral neuroectoderm, a phenotype that

resembles the human congenital disorder, holoprosencephaly (Dooley and Zon, 2000).
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1. Introduction

ENU treatment
of spermatogonia

F1
F2 families
random matings
+/+ X +/+ +/+ X+, +/W x +/+ +m
F3

Fig. 1.2 The three-generation crossing scheme for production of homozygous
mutant zebrafish.
Source: Haffter et ai, (1996) Development (123) 1-36.
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1.3 Zebrafish models of human diseases

Many studies have shown that zebrafish is a powerful vertebrate model of human
diseases (for review see Penberthy et al., 2002). These include the zebrafish sauternes
(sau) mutant, which has microcytic, hypochromic anaemia, significant reduction in
haemoglobin levels and immature circulating erythrocytes (Brownlie et al., 1998). Sau
was shown to be due to a defect in the erythroid 8-aminolevulinate synthase (ALAS-2)
gene, an essential enzyme that regulates the first step in haem biosynthesis in embryonic
erythrocytes. In humans, mutations in ALAS-2 cause X-linked congenital sideroblastic
anaemia with many features that resemble the sau phenotype.

Using the candidate gene approach, a second human haematopoietic disease
gene was found in zebrafish (Wang et al., 1998). This was a photosensitive porphyria
mutant called yquem (yge). Biochemical analyses of the yge photosensitive erythrocytes
showed an accumulation of porphyrins in the cells, which suggested a deficiency of
uroporphyrinogen decarboxylase (UROD) in the mutant. A missense UROD mutation
was identified in yge mutant DNA. This phenotype resembles that of human
hepatoerythropoietic porphyria (HEP).

There are several zebrafish disease models for human neurological diseases.
These include congenital fibrosis of the extraocular muscles (CFEOM2). The zebrafish
mutant soulless has a mutation in the phox2a gene and shows defects in oculomotor
cranial nerve III and abducens cranial nerve IV formation (Guo et al., 1999a).
CFEOM2 patients have been identified with mutations in the human homologue of the
PHOX2A4 gene (Nakano et al., 2001). Other neurological disease models include
Waardenburg-Shah syndrome/Hirschsprung disease, for which a mutation in the sox]0
gene has been identified in mouse and the zebrafish mutant colourless. The defect

results in extensive loss of pigment cells and enteric nervous system, in addition to a
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significant reduction in sensory and sympathetic neurons and glial cells (Dutton et al.,
2001). Holoprosencephaly (HPE) is the most common developmental defect of the
forebrain in humans and in severe cases, results in a complete lack of separation of the
telencephalic ventricles. Several genes involved in the development of human HPE
have been identified and these include SONIC HEDGEHOG (Belloni et al., 1996).
Morpholino-based knockdown of both sonic hedgehog and tiggy-winkle hedgehog gene
expression in zebrafish phenocopies HPE, resulting in mutants with cyclopic eyes with
very little brain betweéh them (Nasevicius et al., 2000). The zebrafish slow muscle
omitted (smu) mutant exhibits patterning defects in the anterior neural plate, which is
correlated with reduced hypothalamic tissue and interocular distance. The smu mutant
alleles affect zebrafish smoothened (Varga et al., 2001). Smoothened and Patched are
transmembrane proteins that mediate Hedgehog signalling intracellularly. Smoothened
interacts with Patched and is needed for transduction of Hedgehog signals (Ingham,
1998).

High-resolution analysis of zebrafish mutant phenotypes allows elucidation of
mechanisms that control various developmental processes. Ultimately, the genes that
cause the mutant phenotypes have to be cloned and analysed. One way this can be
achieved is by mapping mutations in a genetic linkage map and isolating the gene by

chromosome walking from nearby cloned markers (Postlethwait and Talbot, 1997).

1.4 Genetic linkage mapping

The zebrafish genome has a genetic length of approximately 2900 ¢cM and a physical
length of about 1700 Mb, which means that 1 cM in zebrafish corresponds to only 600
kb, compared with 1 Mb in human and 2 Mb in mice. The highly recombinogenic
nature of the zebrafish genome therefore makes it a highly favourable model organism

for mapping purposes.
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1.4.1 Genetic markers

1.4.1.1 Random Amplified Polymorphic DNA Analysis

The first genetic linkage map developed for the zebrafish contained more than 400
markers most of which were random amplified fragments of polymorphic DNA or
RAPDs (Postlethwait et al., 1994). These RAPD markers were generated by using the
polymerase chain reaction (PCR) to amplify DNA fragments using zebrafish genomic
DNA as a template and primers consisting of 10 nucleotides of random sequence.

The pattern of fragments generated by PCR differed consistently between strains
of zebrafish, and was therefore inherited in a Mendelian fashion in crosses between
strains. The segregation of these markers was then scored in the haploid offspring of a
single hybrid female to generate the linkage map. The advantage of using haploid
embryos is that they can develop through much of embryogenesis and both a dominant
allele representing the presence and a recessive allele representing the lack of a
fragment can be detected. This strategy was used to map mutations including cyclops
and no tail (Rebagliati et al., 1998; Schulte-Merker et al., 1994).
1.4.1.2 Amplified Fragment Length Polymorphism Analysis
Amplified fragment length polymorphism (AFLP) is a strategy of DNA fingerprinting
shown to be useful for genetic mapping in zebrafish (Vos et al., 1995). This method
uses many of the advantages of RAPD analysis but is more amenable to diploid
organisms.  Genomic DNA is digested with restriction enzymes, ligated to
oligonucleotide adapters and selectively amplified.  Restriction sites that are
polymorphic between strains result in a generation of strain-specific bands and

segregation of these bands with a mutation can be scored.
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1.4.1.3 Simple Sequence Length Polymorphism Analysis
Simple sequence length polymorphisms (SSLPs) are tracts of short repeated sequences,
often [CA], dinucleotides, in which the number of repeats varies among different strains
of fish. They are also known as microsatellite markers, simple sequence repeats (SSRs)
or short tandem repeat polymorphisms (STRPs). These markers are the standard
starting point for positional cloning and serve as anchors for other types of maps.
SSLPs present several advantages over other types of markers, including:
¢ Abundance and relatively uniform distribution throughout the 25 linkage groups
of the zebrafish genome (Goff et al., 1992).
e Polymorphism between outbred strains.
o Reliability and ease in use, making them ideal tools for small laboratories or
high-throughput facilities.
e High incidence of co-dominance allowing all four alleles to be traced.

e [FEasily assayable by PCR.

1.4.2 Zebrafish genetic map with microsatellite markers

A low-density genetic map comprising around 4000 SSLPs (Shimoda et al., 1999) and
covering 2350 c¢cM of the zebrafish genome is currently available, see website
http://zebrafish.mgh harvard.edw/. The zebrafish genome has a haploid DNA content of
1.7 x 10° base pairs (Hinegardner and Rosen, 1972) located on 25 linkage groups (LGs),
so called because it is difficult to distinguish between chromosomes (Daga et al., 1996).
Positional cloning enables identification of mutated genes on the basis of their
chromosomal location, without previous information about the biochemical and

molecular properties of genes.
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1.4.2.1 Mutation mapping resources

Polymorphic markers have two important functions in a positional cloning project.
Firstly as a means to genetically localise a mutation to a specific recombinant interval
and secondly as an entry point for identifying large-insert genomic clones e.g. yeast
artificial chromosome (YACs), bacterial artificial chromosome (BACs) and P1-derived
artificial chromosome (PAC) that can be used for chromosome walking (Kelly ef al.,
2000). At present two YAC libraries are available, one comprising 36,000 clones with
an average insert size of 280 kb and the other containing 17,000 clones with an average
insert size of 470 kb (Zhong et al., 1998). A PAC library consisting of 75,600 clones
with an average insert size of 120 kb and a BAC library have also been generated in
zebrafish (Amemiya et al., 1999). These genomic libraries can be used to isolate
genomic clones containing a mutant locus. Partial rescue of mutant phenotypes by
injection of genomic clones containing the wild-type gene is also possible (Yan et al.,
1998).

DNA pooling methods and the huge number of anonymous polymorphisms
available by microsatellites, RAPDs, and AFLPs permit the identification of DNA
polymorphisms very closely linked to zebrafish mutations. As the resolution of the
genetic map improves, it will become possible to identify a marker that lies within 0.5
¢M (300 kb) of a mutation.
1.4.2.2 A divergent zebrafish line useful for genetic mapping
A laboratory line of zebrafish was established for genetic mapping and termed WIK,
which derives from a wild catch in India. Several sublines were gained from single pair
matings (WIK2, WIK3, WIK4, WIK9, WIK10, WIK11 and WIK20). Of 314 SSLP

primer pairs tested, 43 % showed polymorphism between the Tt and WIK11 lines and
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47 % showed only one shared allele (Rauch ef al., 1997). Therefore the WIK11 line is
polymorphic relative to the Tii line, making it useful for genetic mapping purposes.
1.4.2.3 SSLP analysis on pooled samples

The first step in cloning a gene underlying a mutant phenotype involves genetic
mapping to localise the gene to a linkage group (rough mapping). Previously placed
polymorphic markers e.g. SSLPs are then used to increasingly narrow the region of
interest (fine mapping). Linkage mapping is necessary until the region between a
flanking marker and the mutant gene is small enough to initiate physical mapping.
Rough mapping of many mutant lines is being carried out in the laboratory of Robert
Geisler at the Max-Planck Institute in Tibingen. T mutant carriers are crossed to wild-
type (WIK) fish; 240 SSLPs are amplified from pools of 48 mutant F2 embryos and
their wild-type siblings, and separated on agarose gels. A difference in band intensity
between the mutant and sibling pools indicates a potential linkage, which is confirmed

and refined by genotyping up to 2000 single embryos (Fig. 1.3).
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WIK/WIK I mut/ Tu
FI
mut/WIK mut/ WIK
F2 Siblings Mutants
0
Yo .
WIK/ mut mut/ mut
WIKAft/IK
mut/WIK
no linkage:
linkage:

Fig. 1.3 Mapping Cross diagram to show the generation of homozygous mutants

and identification of linkage using SSLP markers.

Source: Geisler, R. (2002). Mapping and cloning in Zebrafish, A Practical Approach,
C. Niisslein-Volhard and R. Dahm, eds. (Oxford: Oxford University Press).
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1.5 Genomic resources

1.5.1 The Zebrafish Gene Map

The laboratory of William Talbot is meiotically localising 3000 zebrafish genes on an
integrated genetic map to create a resource that will enhance comparative and functional
analysis of the vertebrate genome. The genes are mapped by scoring single-strand
conformational polymorphism (SSCPs) in the 3' untranslated (UTRs) and other non-
conserved regions. This is an efficient PCR-based method to detect sequence variation.

The laboratory of Stephen Johnson at Washington University is using EST
sequencing to develop sequence tagged sites (STSs) that are used to identify single
nucleotide polymorphisms (SNPs) between inbred strains and mapped on radiation
hybrid and meiotic mapping panels.

A SNP map of the zebrafish genome containing 2035 SNPs and 178
insertions/deletions and a method for mapping mutations in which many SNPs can be
scored in parallel together with an oligonucleotide microarray have been developed
(Stickney et al., 2002), which will accelerate the mapping and molecular analysis of

zebrafish mutations.

1.5.2 Radiation hybrid map

The radiation hybrid (RH) maps of zebrafish can be used to place cloned or candidate
genes on genetic maps. A whole-genome radiation hybrid panel for the zebrafish has
been generated by the Goodfellow lab, in which an irradiated zebrafish donor cell line is
fused with a recipient hamster cell line (Kwok er al., 1998). Random fragments of the
donor chromosomes are integrated into recipient chromosomes or retained as separate
minichromosomes. The radiation-induced mutations can be used for mapping in a

similar way to genetic mutation mapping but at higher resolution and without a need for
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polymorphism. DNA from each of the radiation hybrid lines is tested for the presence
or absence of a marker by PCR, and a map is constructed by positioning markers next to
each other if they are retained by many of the same lines. About 1300 markers were
mapped on the Goodfellow T51 panel at a resolution of approximately 350 kb; 82 % of '
the expressed sequences tags (ESTs) tested had significant linkage (Geisler et al. 1999).
The LN54 panel is another radiation hybrid map, made by fusing irradiated zebrafish
cells with mouse cells and has a resolution of 500 kb (Ekker et al., 1999).

The NCBI Map Viewer presents a graphical view of the zebrafish radiation
hybrid (T51 and LN54) maps, the genetic maps (MGH, HS, MOP, GAT) and the SNP
variation map. These maps contain an increasing numbers of cloned and mapped
zebrafish genes and ESTs, which facilitate molecular identification of mutated genes by
the candidate gene approach. The availability of an increasing number of PCR based
polymorphic markers, e.g. SSLPs, makes positional cloning more feasible (for review

see Talbot and Hopkins, 2000).

1.5.3 Zebrafish genome sequencing

The sequencing of the zebrafish genome was initiated in February 2001 at the Sanger
Institute and funded by the Wellcome Trust. Two methods were used, the first was
whole genome shotgun sequencing and involved extraction of DNA from Tibingen
embryos, which was used to generate plasmid libraries with 2-10 kb inserts. These
were then sequenced and the traces obtained used to assemble the genome sequence.
The second approach was clone-based sequencing. The BAC libraries CHORI211 and
DanioKey were used and fingerprinted to generate a map covering the genome sequence
clone by clone (www.ensembl.org/Danio_rerio). To date (July 2003) the whole genome
shotgun approach has produced 11.7 million traces, which amounts to 7.64 Gbp and

covers the genome 4.5 times. The clone-based approach has covered 410,582,005 bp.
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The sequencing project is predicted to finish by the end of 2005 and updates can be
found at www.ensembl.org/Danio_rerio. Complete knowledge of the zebrafish genome
sequence will allow greater understanding of zebrafish biology and in the absence of
any known candidates will allow the application of gene prediction programs to identify

novel genes.

1.6 Zebrafish genome duplication

Approximately 30 % of zebrafish genes are duplicated as a result of a whole-genome
duplication event in the fish lineage leading to teleosts about 300-450 million years ago.
This was followed by selection pressure on duplicated genes and divergent expression
pattern of genes within the same family, which led to redundancy or loss of gene
function during evolution.

Many multigene families potentially comprise more members in fish than in
mammals, e.g. seven homeobox (hox) gene clusters have been found in zebrafish
compared to four in mammals (Postlethwait et al., 1999). Comparative genomics
amongst teleost fish suggests that genome-wide duplication in zebrafish occurred before
the divergence of zebrafish, pufferfish, and medaka lineages (Amores et al., 1998,
Meyer and Malaga-Trillo, 1999; Naruse et al., 2000). Despite this duplication,
zebrafish has about the same number of chromosomes as human (25 versus 23 pairs),
rather than twice as many as expected in the absence of chromosome rearrangements.
This could be due to either an excess of chromosome fusions in the fish lineage
compared to the human lineage or an excess of chromosome fission events in the human
lineage (Postlethwait et al., 1998).

A group of genes that are syntenic in human tend to have orthologues that are
syntenic in zebrafish. Analysis of zebrafish genes and their mammalian counterparts

has revealed more than forty groups of syntenic genes in both zebrafish and human
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(Postlethwait and Talbot, 1997, Amores et al. 1998; Postlethwait et al. 1998; Gates et
al. 1999; O'Brien et al. 1999). Some of these regions are relatively large (for review see
Talbot and Hopkins, 2000) and facilitate the use of comparative gene mapping to
provide candidates for genes disrupted by various zebrafish mutations and hence aid
cloning projects. Therefore if a zebrafish mutation maps to a conserved chromosome
segment, genes in this corresponding human chromosomal region could become
candidates for the zebrafish mutation. Alternatively, the phenotype of a zebrafish
mutation may provide information regarding the function of the human gene
(Postlethwait et al., 1998).

Comparative mapping identified a candidate gene for the you-too (yor) mutation
(Karlstrom et al. 1999), which was mapped to zebrafish LG 9. This linkage group
contains genes with orthologues on human chromosome 2. Analysis of human genes on
chromosome 2 and the prediction that the Hedgehog signalling pathway is affected in
yot, revealed g/i2 as a candidate for yot. Similarly, conservation of synteny between
zebrafish LG 11 and human chromosome 20 as well as knowledge that the snailhouse
(snh) mutation interferes with the bone morphogenetic protein (BMP) signalling

pathway, revealed bmp7 as a candidate for sn/ (Schmid et al. 2000).

1.7 Technologies developed to study gene function

Knockdown of gene expression using morpholinos is widely used (Nasevicius and
Ekker, 2000). Morpholinos (MO; Gene-Tools®) are chemically modified
oligonucleotides that bind to and inhibit translation of mRNA both in vitro and in tissue
culture. They are molecularly characterised by the presence of a morpholine moiety
instead of a ribose and a phosphorodiamidate linkage resulting in a neutral charge
backbone (Summerton, 1999). These modifications result in the formation of a highly

soluble polymer, which can hybridise single-stranded nucleic acid sequences with high
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affinity, a relatively low amount of cellular toxicity and non-specific side effects.
Zebrafish showing phenotypes induced by injection of Mos are termed morphants and
are listed in a database (http://beckmancenter.ahc.umn.edu/). The human diseases
hepatoerythropoietic porphyria and holoprosencephaly, as well as several cloned mutant
genes, including chordin, no tail, one-eyed pinhead, nacre, sparse and gridlock have

been phenocopied in zebrafish using MOs (for review see Penberthy ef al., 2002).

Gain of function analysis by ectopic expression of genes in a temporal and
spatial manner has become possible by development of a technique called RNA/DNA
caging. This involves covalent attachment of a photo-removable ‘caging’ group (6-
bromo-4-diazomethyl-7-hydroxycoumarin; Bhc-diazo) with the phosphate moiety of the
sugar-phosphate backbone of RNA causing inactivation of RNA. Bhc-caged mRNA is
re-activated (‘uncaged’) by exposure to ultraviolet light of a specific wavelength (Ando
et al., 2001). This method has been successfully applied in zebrafish; uncaging engla,
which encodes a transcription factor Engrailed2a, in the head, results in development of
small eyes, enhanced midbrain and midbrain-hindbrain boundary at the expense of the

forebrain (Ando et al., 2001).

1.8 Development of the zebrafish central nervous system

Over the past century, developmental neurobiologists have extensively studied the
formation of commissural axon tracts in the brain and spinal cord (Mihalkovics, 1877;
His, 1889; Langelaan, 1908; Von Szily, 1912; Johnston, 1913; Suitsu, 1920; Katz et a/.,
1983; Silver, 1993). Zebrafish are amenable to these studies and their developmental

advantages and CNS formation will be discussed below.
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1.8.1 The advantages of zebrafish for the study of early neural

development

The zebrafish has many advantages for the study of vertebrate neural induction and

patterning mechanisms, some of which are listed below:

Relatively small brain size, which measures about 300 um from the rostral
tip to the boundary between the tectum and cerebellum and is approximately

250 pm thick.

Relatively rapid development; neural patterning starts during gastrulation at
6-7 hpf and a functional nervous system is established by 24 hpf (Wilson et

al., 1990).

The brain is optically transparent during embryogenesis as a result of
sequestration of yolk granules into a single, large sac rather than being
dispersed as platelets intracellularly where they can scatter light (as in
amphibians). Therefore individual cells, neurons, outgrowth of processes
and formation of synaptic connections can be visualised and studied in situ

and their fate followed during development.

Early tracts develop superficially directly beneath the presumptive pia and
this is an advantage in terms of microscopic analysis, as these structures are
separated from the microscope objective by a few micrometers only.
Differential interference contrast optics is used to analyse the expression of

genes following in situ hybridisation or proteins after antibody labelling.
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1.8.2 Axis formation and patterning

The basic body plan of the vertebrate embryo is formed at the start of gastrulation and
results in formation of three germ layers; endoderm, mesoderm and ectoderm as well as
development of the three main body axes, anterior-posterior (A-P), dorsal-ventral (D-V)
and left-right (L-R). The vertebrate CNS forms as a result of inductive interactions
between the ectoderm and mesoderm. Patterning of the neuroectoderm is a progressive
process and, at the end of gastrulation, A-P and D-V axes are organised into broad
domains that can be characterised morphologically and molecularly. As neurulation
continues, these domains become more evident and include development of
rhombomeres (Keynes and Lumsden, 1990) and regional subdivisions of the anterior
neural plate into telencephalon, hypothalamus, diencephalon, and eyes (Ruiz i Altaba
and Jessell, 1993). A complex network involving members of the bone morphogenetic
protein (Chordin, Noggin, Follistatin), Nodal, Wnt (Frzb/Dickkopf-1/Crescent),
Hedgehog, Fibroblast growth factor (FGF), Delta/Notch, Slit/Robo, retinoic acid and
lipid signalling pathways, provide molecular cues that interact to pattern the early

embryo (De Robertis et al., 2000, for review see Schier, 2001).

Investigation of regional patterning of the neural plate requires information
about the location of the various CNS primordia before, during and after this process.
Fate maps of different vertebrates, including zebrafish, have been constructed by
analysing the location of a cell at the onset of gastrulation and by monitoring its

development, establish its resulting fate (Kimmel ez a/., 1990; Woo and Fraser, 1995).

In 1924, Hans Spemann and Hilde Mangold transplanted tissue from the dorsal
blastopore lip of a developing Xenopus embryo to the future ventral domain of another
embryo. The result of their experiment was an exact copy of head structures at the

region of the implant, which contained cells mostly from the host embryo. Hence cells
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from a specific region of an embryo can change and reprogram cell differentiation in
other parts of the embryo. The dorsal blastopore lip was consequently termed the
‘organiser’ (Spemann and Mangold, 1924).

The organiser is responsible for the establishment of the body axes and is a
source of signals that can induce and pattern new neural tissue and re-specify existing
mesoderm structures. It gives rise to the notochord, which is an important source of
signals for D-V patterning of the spinal cord and somites (Johnson er al, 1994).
Transplant experiments have revealed a region of the embryo with the same properties
as the classic organiser, the shield (Shih and Fraser, 1996), in chick, Hensen’s node
(Storey et al., 1992); and in mouse, the node (Davidson and Tam, 2000). Hence the
organiser is a conserved structure in embryonic patterning in vertebrates. When shield
mesoderm is transplanted to the ventral side of a host embryo, it generates a complete
secondary axis by inducing adjacent cells to form dorsal and lateral, instead of ventral
fates. The zebrafish shield can induce axis duplication in amphibia as well, indicating
that the function of molecular cues from the organiser region is conserved
(Oppenheimer, 1936; Saude ef al., 2000). The development of the embryonic zebrafish

brain is a dynamic process and involves morphogenetic movements as described below.
1.8.3 Neurulation

The process of neurulation is different in zebrafish to that in other vertebrates, which
involves primary neurulation i.e. invagination of the neural plate to form a hollow tube
by fusion of its lateral edges at the dorsal midline. However, convergent extension
movements in the zebrafish neural plate result in formation of a solid rod-like structure,
the neural keel, which develops at about 12 hpf and subsequently hollows to form the
lumen of the neural tube during the process of secondary neurulation (Papan and

Campos-Ortega, 1994).
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1.8.4 Segmentation

Segmentation of the zebrafish CNS is visible at 16 hpf by the formation of ten
‘neuromeres along the rostro-caudal axis of the neural tube. These include the seven
most caudal neuromeres of the hindbrain compartments, known as rhombomeres (1),
and three anterior neuromeres, which correspond to the anlagen of the telencephalon,
diencephalon and midbrain respectively (Kimmel et al., 1995). The expression of
homeobox (hox) genes in rhombomere-specific patterns is required for segment identity

within the hindbrain (for review see Lumsden and Krumlauf, 1996).
1.8.5 The major subdivisions of the brain

There are five major subdivisions of the zebrafish brain. The rostral neural tube forms
the forebrain and midbrain. The forebrain includes two of these subdivisions, the
telencephalon; located in a dorso-rostral position above the optic stalk, and the adjacent
diencephalon, which occupies a domain from below the optic stalk to the ventral
flexure. The ventral flexure is the position of the future mid-diencephalic boundary and

dorsally positioned epiphysis (Ross et al., 1992).

The midbrain (mesencephalon) forms another subdivision and is characterised
by the dorsally located tectum and the ventrally positioned tegmentum. The cerebellum
appears as two folds in the neuroepithelium in the region of the midbrain/hindbrain
boundary. The hindbrain includes two subdivisions, the metencephalon and
myelencephalon and rhombomere 1 is ventrally located adjacent to the cerebellum

(Kimmel et al., 1995).
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1.8.6 The development of axonal tracts and commissures

By 24 hpf, the first neuronal clusters develop and together with their axons, form a
simple scaffold of five bilaterally symmetrical axonal tracts and four commissures
connecting adjacent subdivisions (Wilson et al., 1990, Fig. 1.4). The first neurons that
form are primary neurons, many of which express the LIM homeobox gene islet-1 and
extend axons over long distances (Korzh et al., 1993). Signalling from factors secreted
by the axial mesoderm, including sonic hedgehog, shh from the notochord, is required

for specification of primary motor neurons (Beattie e al., 2000).

Post-mitotic neurons start to develop at 16 hpf in the ventral midbrain and form
the ventrocaudal cluster (vcc) or the nucleus of the medial longitudinal tract. In the
ventral diencephalon, they form the ventrorostral cluster (vrc). The first neurons in the
telencephalon develop after those of the vee and form the dorso-rostral cluster (drc). At
18 hpf, a small cluster of neurons forms in the dorsal forebrain, which later develop into
the epiphysis. By 24 hpf, additional neuronal clusters have developed in the midbrain,
which later extend axons from the vec to the roof of the midbrain to form the nucleus of

the tract of the posterior commissure, nTPC (Chitnis and Kuwada, 1990).
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TELEN
MESEN

DVDT

Fig. 14 Early zebrafish brain tracts. = The axon tracts (dark lines) shown are the
anterior commissure (AC), dorsoventral diencephalic tract (DVDT), medial longitudinal
fasciculus (MLF), posterior commissure (PC), postoptic commissure (POC), supraoptic
tract (SOT), and tract of the postoptic commissure (TPOC). Filled circles indicate
neuronal bodies.

TELEN indicates telencephalon, DIEN indicates diencephalon, EPI indicates epiphysis,
MESEN indicates mesencephalon.

Source; Chitnis and Dawid (1999) Methods in Cell Biology (59) 369.
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1.8.7 Axonogenesis in the forebrain and midbrain

At 16 hpf, the first axons emerge from the vec and either extend caudally to the medial
longitudinal fasciculus (MLF) or project rostrally to the tract of the post-optic
commissure (TPOC). By 18 hpf, the first axons emerge from the vrc and extend
rostrally to the post-optic commissure (POC); whose axons cross the rostral surface of
the diencephalon and grow into the contralateral TPOC. At the same stage, neurons of
the drc extend axons ventrally from the telencephalon, through the caudal optic stalk,
into the region of the vrc and TPOC to target the supra-optic tract (SOT). Axons from
the drc also pioneer the anterior commissure (AC), which then cross the rostral surface
of the telencephalon in a thick tight fascicle. At 20 hpf, axons project ventrally from
neurons of the epiphyseal cluster and grow to the dorsoventral diencephalic tract
(DVDT). At the same time, neurons from the nTPC project axons ventrally that target
the tract of the posterior commissure (TPC) and dorsally to establish the posterior
commissure, PC (Chitnis and Kuwada, 1990; Wilson et al., 1990).

1.8.7.1 Regulatory gene expression domains

Boundaries of expression domains of members of the ephrin, hedgehog, fork head, pax,
and wnt gene families correlate with regions where neurons differentiate and extend
axons e.g. nuclei of the tract of the post-optic commissure (nTPOC) and medial
longitudinal fasciculus (nMLF) develop and project along the ventral boundary of pax6
and rtkl expression. Also, the transcription factor noi/pax2a is expressed in cells

located at the dorsal border of axons in the POC (Macdonald ef al., 1994, 1997).
1.8.8 Axonogenesis in the hindbrain

Major neuronal subclasses that develop in the hindbrain include the reticulospinal and

branchiomotor neurons. By 8 hpf, the first reticulospinal neuron, the Mauthner neuron,

40



1. Introduction

forms in 14 of the hindbrain and at about 21 hpf, extends an axon that projects ventrally,
crosses the midline and turns caudally to grow along axons of the contralateral MLF
(Mendelson, 1986). By 24 hpf, two more neuronal clusters form at each rhombomere
boundary and extend axons ventrally. The formation of their commissural axon bundles
is dependent upon expression of Ll-related CAMs and polysialic acid on NCAMs

(Marx et al., 2001).

The branchiomotor (motor) neurons develop in specific rhombomeres and
extend axons out of the CNS to innervate muscles that differentiate in the pharyngeal
arches. The anterior located mandibular and hyoid arches give rise to the lower jaw and
associated structures, whereas the other pharyngeal arches give rise to the gills (Kimmel
et al., 1995). In zebrafish, the first motor neurons develop at 21 hpf and begin to extend
axons at 24 hpf. They include, trigeminal (V) motor neurons in r2 and r3, which extend
axons via 12 to innervate the mandibular pharyngeal arch muscles; motor neurons of the
facial (VII) nerve located in r4 and r5 that migrate to r6 and r7 and project axons that
exit the CNS via 14 to innervate muscles of the hyoid pharyngeal arch;
glossopharyngeal (IX) motor neurons located in r7 that project axons which exit via r6
and innervate the first gill arch; vagus (X) motor neurons in the caudal region of r7,
which innervate gill arches 2-5 (Chandrasekhar et al., 1997). Transgenic zebrafish
expressing green fluorescent protein (GFP) under the control of the is/-/ promoter have
been used to study the projection of branchiomotor axons (Higashijima et al., 2000) and
they show that specific branchiomotor nuclei innervate particular muscle groups, to

form a simple stereotypical pattern of neurons and axons in the hindbrain.

41



1. Introduction

1.8.9 Floor plate development in zebrafish

The floor plate in zebrafish extends along the ventral neural tube from the zona limitans
intrathalamica into the spinal cord of the tail. It is composed of non-neuronal,
epithelial cells with cuboidal morphology, which are easily visualised and distinguished
from other cell types in the living embryo using differential interference optics. It is
three to four cells wide and consists of a single row of medial floor plate (MFP) cells
flanked by lateral floor plate (LFP) cells (Odenthal et a/., 2000). These two cell
populations can be distinguished by gene expression analysis. The expression of the
genes foxA1, shh (Krauss et al., 1993), netrin-1 (Strahle et al., 1997) and col2al (Yan et
al., 1995) is restricted to the MFP cells, whereas foxA42 and foxA are expressed in both
MFP and LFP cells (Odenthal and Niisslein-Volhard, 1998; Odenthal et al., 2000). The
nk2.2 gene (Barth and Wilson, 1995) is expressed in LFP cells only.

The floor plate functions as an organising centre that controls D-V patterning of
the neural tube at early stages of development. Later on in development it acts as an
intermediate target in commissural and longitudinal axon guidance (for review see
Kaprielian et al., 2001). The floor plate orientates commissural axon growth towards
and across the midline through expression of a range of secreted guidance signals.
These include Netrin-1 and Sonic hedgehog (Shh), which have been identified as
chemoattractants in midline axon guidance (for review see Kaprielian et al., 2001,
Charron et al., 2003). Analysis of Netrin-1”" mutant mice, which lack the floor plate,
has identified foreshortened commissural axons and failure to target the ventral spinal
cord. In addition, axons project medially toward the ventricle with fewer reaching the
midline and there is absence of the ventral commissure (Charron et al., 2003). This
compares to the highly fasciculated pattern of axon growth towards the midline in wild-

type embryos (Serafini ef al., 1996).
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Morphogens are signalling molecules produced in a restricted area of a tissue,
which form a long-range concentration gradient from their source of origin and result in
differentiation of specific cell types. The morphogen Shh specifies distinct classes of
neurons in the ventral neural tube (for review see Jessell, 2000). As well as Shh, other
signalling molecules exist, which are implicated in specification of neuronal cell types
as well as axon guidance (for review see Osterfield et al., 2003). These cues include
members of the bone morphogenetic protein family e.g. BMP7 repels commissural
axons in the spinal cord roof plate (Butler and Dodd, 2003). In Drosophila, members of
the vertebrate homologue of the wingless gene, Wnt e.g. Wnt-5 guide commissural
axons in the ventral nerve cord (Yoshikawa er al., 2003). Members of the fibroblast
growth factor (FGF) family also play a role in axon guidance e.g. Fgf8 is a
chemoattractant for trochlear axons in vitro (Irving et al., 2002).

Genetic screens in the zebrafish have identified a number of mutations in which
various aspects of floor plate development are affected. These ‘midline’ mutants
include cyclops, squint, one-eyed pinhead, chameleon, detour, iguana, you-too, sonic-
you, you, uboot, schmalhans, schmalspur and monorail (Brand et al., 1996). Further
phenotypic and molecular characterisation of these mutants has revealed genes involved
in induction and patterning of the zebrafish midline and surrounding structures.
1.8.9.1 The role of the organiser in floor plate induction
The zebrafish organiser induces midline precursor cells that give rise to the floor plate;
hence this structure can be induced independent of notochord specification. Evidence to
support this is shown by zygotic mutations in the zebrafish cyclops (Hatta et al., 1991)
and one-eyed pinhead (Gritsman et al., 1999) genes, which lack floor plate cells despite
the presence of an intact notochord, expressing shh (Strahle er al., 1997). Also

mutations in the zebrafish floating-head and no-tail genes, which are required for
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formation of the notochord, develop a patchy or wider floor plate respectively (Halpern
etal., 1997).

Analysis of a temperature sensitive mutation in the zebrafish cyclops locus,
cyc™™'| has revealed that floor plate induction occurs during gastrulation and requires
continuous and high levels of Cyclops/Nodal signalling to specify the ventral neural
tube completely (Tian et al., 2003). At 22°C, embryos homozygous for the cyc™
mutation develop variable fused eyes, ventral curvature of the body axis, a patchy to
complete floor plate and motor neurons that are sometimes located in their normal
positions. However at 28.5°C the phenotype of cyc™' mutants is the same as cyclops

null embryos with fused eyes, lack of medial floor plate cells and ventral curvature of

the body axis (Tian et al., 2003).
1.8.10 Midline signalling pathways

Specialised axial mesodermal structures, including the notochord and prechordal plate,
underlie the midline of the neural plate and regulate patterning along the D-V axis. The
notochord induces floor plate cells, which secrete diffusible factors that regulate
differentiation of basal plate cells, including motor neurons (Yamada et al., 1993);
which develop on both sides of the floor plate in the ventral neural tube.

Midline signalling involves components of both Hh and Nodal signalling
pathways, which interact to differentially regulate floor plate induction and
maintenance. These will be described below.
1.8.10.1 Nodal signalling pathway components
Two classes of the transforming growth factor-f (TGF-B) superfamily provide
important morphogenetic signals during early patterning processes in vertebrates.
These are the BMPs that pattern the gastrula embryo along the D-V axis and are

required to define ventral cell fates and Nodal-related proteins, which have important
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roles in formation of the gastrula organiser, induction of mesoderm and endoderm,
patterning of the anterior neural plate and determination of bilateral asymmetry in
vertebrates (for review see Schier and Shen, 2000).

Nodal was first identified as an essential gene for gastrulation in mouse; Nodal
mutant embryos exhibit severe reduction of mesoderm formation and abnormal
migration of residual mesodermal cells (Zhou et al., 1993). In zebrafish, two nodal-
related genes, squint (sqf) and cyclops (cyc) have been identified. Mutant embryos
homozygous for either cyc or sqt show partial loss of axial mesoderm and ventral
neuroectoderm, whereas cyc;sqt double mutants lack most mesendodermal tissues
(Feldman et al., 2000).

The one-eyed pinhead (oep) gene encodes a member of the extracellular CFC
family of membrane-bound epidermal growth factor (EGF)-like proteins, an essential
mediator of Nodal signals (Gritsman et al., 1999). Zebrafish maternal and zygotic oep
mutants and embryos lacking the oep orthologues, cripto and cryptic in mouse, show
absence of endodermal and mesodermal tissue and hence exhibit phenotypes similar to

the nodal mutants cyc and sqt (Ding et al., 1998).

Antagonists of the Nodal signalling pathway include Lefty and its orthologue
Antivin, which are members of the TGF-$ superfamily. Overexpression of Lefty blocks
endoderm and mesoderm formation and development of posterior neuroectoderm and
leads to phenotypes resembling cyc;sqt or maternal-zygotic oep mutants (Thisse et al.,
2000). The extracellular protein Cerberus, a member of the cystein knot family and its
truncated form (‘Cer-short’) bind and inactivate Nodal-related proteins (Agius et al.,
2000; Cheng et al., 2000).

The transcription factor FoxH1/FAST1 associates with Nodal pathway signals

and is disrupted by mutations in the zebrafish schmalspur locus (Sirotkin et al., 2000;
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Pogoda et al., 2000). Maternal-zygotic schmalspur mutants exhibit defects in formation
of the dorsal mesoderm but their phenotype is less severe than cyc;sqt or maternal-
zygotic oep mutants. This has also been shown in mouse FoxH1/FASTI mutants, which
show less severe defects than Nodal mutants (Yamamoto ef al., 2001).

The mechanisms involved in transduction of Nodal signals include ligand
binding and activation of the Activin-like serine/threonine receptor complex to
phosphorylate the intracellular signal transducer Smad2 and form a complex with
Smad4. The Smad2/Smad4 complex then translocates to the nucleus where it interacts
with DNA binding proteins, including FoxH1/Fastl and paired class homeobox proteins
of the Mix/Bix family, to initiate transcriptional activation of downstream genes (for
review see Schier and Shen, 2000).

1.8.10.2 Nodal signalling and medial floor plate development

Mutations in the zebrafish nodal-related genes squint and cyclops (Hatta et al., 1991,
Feldman et al., 1998; Sampath et al., 1998), their extracellular membrane-associated
cofactor gene one-eye pinhead (Schier et al., 1997, Zhang et al., 1998) and the
transcriptional effector of Nodal signalling schmalspur (Pogoda et al., 2000; Sirotkin et
al., 2000) show cyclopia, defects in MFP induction, loss of posterior prechordal plate,
failure to establish cardiac asymmetry and ventral curvature of the body axis. The
zebrafish spadetail (spt)/VegT and no tail (ntl)/Brachyury T-box genes are also required
for MFP development. Studies of spf';ntl double mutants, which lack posterior MFP
but have normal anterior development, suggest that Nodal signalling is not affected in
this anterior region. However single n#/ or spt mutations enhance posterior MFP
development; spt and nt/ are required together in a non-cell autonomous manner for

MFP formation (Amacher ef al., 2002). In addition, studies of enhancer elements of
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several genes expressed in the floor plate show dependence on Nodal signals for their

activity (Miiller et a/., 2000; Rastegar et al., 2002).

In zebrafish, MFP differentiation occurs as a result of two temporally distinct
signalling mechanisms. During the first day of development, cyclops mutants lack MFP
cells. However by day two, differentiation of MFP cells in the hindbrain and spinal
cord region is evident. The latter induction of MFP specification is dependent on intact
Hh signalling. Hh signalling maintains floor plate differentiation following
specification of the floor plate by Nodal related signals (Albert et al., 2003).
1.8.10.3 Hedgehog signalling pathway components
Ventral differentiation in the CNS depends on Shh signalling mediated by the Gli
family of zinc finger transcription factors (Methot and Basler, 2001). The secreted
protein Sonic hedgehog (Shh), which is the vertebrate Drosophila hedgehog
homologue, begins to be expressed at 60 % epiboly in the embryonic shield during
gastrulation (Krauss ef al., 1993). Its expression continues in the notochord and floor
plate (Krauss ef al. 1998) and is required for induction of the floor plate, motor neurons
and ventral interneurons in the spinal cord (Lewis and Eisen, 2001). Unlike other
vertebrates, zebrafish express two additional hedgehog genes in overlapping domains to
that of shh expression and at the time when motor neurons are specified. Tiggy-winkle
hedgehog (twhh) starts to be expressed in the embryonic shield from 50 % epiboly and
continues its expression in the floor plate and ventral brain (Ekker et al., 1995); echidna
hedgehog (ehh) is only expressed in the notochord and from late gastrulation (Currie

and Ingham, 1996).

Mouse loss-of function Shh mutants are characterised by single fused
telencephalic and optic vesicles and do not develop motor neurons (Chiang et al., 1996).

Human patients with mutations in the orthologous SHH gene exhibit a variable range of
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facial defects including cyclopia, proboscis and microcephaly with normal development
of the rest of the body (Belloni et al., 1996). Such patients are heterozygous for SHH
mutations, a condition that does not result in a detectable phenotype in mice. Zebrafish
sonic-you (syu) mutants homozygous for the t4 allele of syw completely lack the shh
locus but develop normal numbers of motor neurons. Redundant function with Ehh and
Twhh, which are normally expressed in the body axis of syu'! mutants, may explain the
formation of motor neurons in the absence of Shh (Schauerte et al., 1998). Ehh has
been found to have a less of a critical role than Twhh or Shh in motor neuron

specification (Lewis and Eisen, 2001).

A number of components of the Hh signalling pathway are conserved between
Drosophila and vertebrates (v), these include the Hh receptors Drosophila Patched (Ptc)
and vPtc, the receptor coupled seven transmembrane proteins Drosophila Smoothened
(Smo) and vSmo and the downstream Hh transcription factor Drosophila Cubitus

interruptus, Ci and vGli (Sasaki ef al., 1997; Ingham, 1998).

Gli proteins can act in both activator and repressor forms to regulate D-V
patterning of the neural tube in response to Hh signals. For instance in the spinal cord,
Shh signalling is responsible for establishment of ventral cell identity in part by
antagonising Gli3 or Gli2 mediated repression of intermediate and ventral cell
specification respectively (Persson et al., 2002). In mouse, Gli3 is not involved in floor
plate formation; however Gli2 acts as an activator of Hh targets and is essential for floor
plate induction (Karlstrom et al., 2003). This is shown by mutations in the G/i2 gene,
which result in absence of the floor plate with normal development of motor neurons
and interneurons (Ding et al., 1998). In zebrafish, it is Glil rather than Gli2 that is
required for activating ventral CNS gene expression (Karlstrom et al. 2003). Analysis

of the detour mutation, which encodes loss-of-function alleles of the g/i/ gene, has
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shown that Glil activates ventral CNS patterning through Hh regulated genes. These
results show conservation as well as divergence of Gli function in mouse and zebrafish
(Karlstrom et al., 2003).

1.8.10.4 Hedgehog signalling and lateral floor plate development

In zebrafish, Hh signalling is responsible for induction of LFP cells. None of the
mutations that impair the Hh signal pathway affect differentiation of the MFP (Barresi
et al., 2000; Odenthal et al., 2000; Etheridge et al., 2001). However although MFP
cells form in Hh pathway mutants, Hh signalling is required for the survival of MFP
cells (Varga et al., 2001; Chen et al., 2001). Loss of hedgehog signalling in zebrafish
results in a wide range of defects including ventral curvature of the body, deficiencies in
ventral forebrain specification, ventral spinal cord abnormalities and absence of the

optic chiasm (Brand ef al., 1996; Karlstrom et al., 1999; Varga et al., 2001).

Other genes involved in Hh signalling have been revealed by the study of the
‘U’ mutants, so-called due to their characteristic u-shaped somites; which include you-
too, the zebrafish homologue of the Hh pathway transcription factor Gli2 (Karlstrom et
al., 1999), detour, chameleon, you and iguana (van Eeden et al., 1996; Odenthal et al.,
2000) and slow muscle omitted (smu; Barresi et al., 2000; Varga et al., 2001) which
encodes a zebrafish orthologue of Smoothened that transduces Hedgehog signals. The
smu mutant has a more severe phenotype than the other ‘U’ mutants in terms of somite
morphology. It also shows a greater reduction of primary motor neurons and complete
loss of secondary neurons. Its phenotype is similar to that of cyclops;floating head
(cyc;fTh) double mutants, which show reduced Hh signalling, lack both notochord and
floor plate and hence do not express ekh or twhh and show transient expression of shh

in post-somitogenesis stages (Chen et al., 2001).

49



1. Introduction

1.9 Axon Guidance

1.9.1 History of axon guidance research

Santiago Ramoén y Cajal first observed neuronal growth cones over a century ago and
predicted their function in guiding the axons and dendrites of differentiating neurons
towards their targets (Ramon y Cajal, 1892). Since then many neuroscientists have tried

to elucidate the mechanisms by which growth cones function.

In the 1940s and 50s, Roger Sperry proposed that growth cones are guided by
chemical cues that might be distributed in concentration gradients (Sperry, 1963). In
the 1970s and 80s, Friedrich Bonhoeffer investigated growth cone migration using in
vitro assays and showed that they detect and respond to gradients that differ as little as
1-2 % across their diameter (Baier and Bonhoeffer, 1992). Since then, large numbers of
biochemical and genetic studies in invertebrates and vertebrates have led to the
identification of several families of guidance molecules, all of which can act as graded
cues to guide axonal growth cones and are dynamically regulated (for reviews see

Tessier-Lavigne and Goodman, 1996; Yu and Bargmann, 2001).
1.9.2 Role of the midline in axon guidance

The formation of a complex network of neuronal connections during the development
of the nervous system is based on axons navigating precisely to their appropriate targets
(Tessier-Lavigne and Goodman, 1996). In insects and vertebrates, the two symmetric
halves of the nervous system are separated by a specialised group of cells located at the
ventral midline. These are termed midline cells in Drosophila and form the floor plate
in vertebrates. In the Drosophila nerve cord, as in the vertebrate spinal cord, many
neurons extend axons across the midline to select targets on the opposite (contralateral)

side. These axons form the commissures that connect the two sides of the nervous
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system. Other axons (about 10 % in Drosophila) never cross the midline and instead
reach targets on their own (ipsilateral) side (Klambt ez al., 1991; Colamarino and
Tessier-Lavigne, 1995). The midline therefore acts as an intermediate target, providing
choice points by secreting guidance cues to control and regulate neuronal growth cone

behaviour (Stoeckli and Landmesser, 1998; Tear, 1999).
1.9.3 Cellular mechanisms of axon guidance

Growth cones are guided to their targets by attractive and repulsive extracellular cues,
which include members of the Netrin, Semaphorin, Ephrin, and Slit protein families
(Brose et al., 1999; Harris et al., 1996; Kennedy ef al., 1994; Kidd et al., 1999; Mitchell
et al., 1996; Serafini et al., 1994; Stoeckli et al., 1997, Zou et al., 2000, Fig. 1.5).
Evidence is accumulating that several of these ligands are bifunctional, attracting some
growth cones, whilst producing repulsive effects on others (for review see Seeger and
Beattie, 1999) and that receptors and receptor complexes play an important role as

effectors for different guidance cues (for review see Seeger and Beattie, 1999).

The principal mechanisms involved in signalling, interaction and function of
these ligands and their receptors have been conserved throughout evolution from
nematodes to mammals (Chisholm and Tessier-Lavigne, 1999) and will be discussed

below in greater detail.
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Semaphofins

(secreted) Long-range cues
Netrins Netrins
Chemorepulsion Chemoattraction

Contact repulsion Contact attraction

Eph ligands Short-range ig CAMS

Semaphonns Cadherins

cues
(transmembrane) ECM (for example, laminins)

ECM (for example, tenascins)

Fig. 1.5 The mechanisms contributing to axon growth cone
guidance. Individual growth cones might be ‘pushed’ from
behind by a chemorepellent (red), ‘pulled’ from afar by a
chemoattractant (green), and ‘hemmed in’ by attractive (grey)
and repulsive (yellow) local cues.

Source: Tessier Lavigne and Goodman (1996) Science (274)
1123-1133.
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1.9.3.1 Slits and their receptors

Drosophila Slit is a large extracellular matrix protein that is expressed by midline glia

cells and acts as a long-range chemorepellent for axons (Kidd e al., 1999).

The transmembrane receptor Roundabout (Robo) mediates the repulsive cues
elicited by slits (Kidd et al., 1998, Kidd ef al., 1999). Robo was identified in a genetic
screen for mutations affecting axon pathfinding in Drosophila (Seeger et al., 1993).
The commissural axons of robo mutants cross and re-cross the ventral midline multiple
times (Kidd et al., 1998). So far, three Robo genes, Robo-1, 2 and 3 have been
identified in Drosophila (Kidd et al., 1998, Rajagopalan et al., 2000; Simpson et al.,
2000), C. elegans (Zallen et al., 1998; Yu et al., 2002), zebrafish (Challa et al., 2001,
Lee et al., 2001), mouse (Taguchi et al., 1996, Brose et al., 1999; Yuan ef al., 1999) and

human (Kidd et al., 1998).

Zebrafish Slit2 and Slit3 are Robo2 ligands and their expression pattern in the
ventral diencephalon indicates that they have important roles in guiding retinal axons.
Slit2 is expressed in the optic stalk, along the midline rostral to the optic recess; across
the path of the anterior commissure and regulates optic nerve fasciculation (Niclou et
al., 2000). Slit3 is expressed in three domains in the ventral forebrain, rostral to the
anterior commissure, between the anterior and post-optic commissure, and caudal to the

post-optic commissure (Ringstedt ez al., 2000).

Drosophila and human Robol contain four conserved cytoplasmic domains
named CCO0-CC3, whereas human Robo2 and Robo3 only have the CCO and CCl
motifs. Genetic studies in Drosophila have revealed the CC1 and CC2 domains interact
with the Enabled (Ena) protein and the CC3 motif binds to Abelson (Abl), a

cytoplasmic tyrosine kinase (Smith and Mayer, 2002). Tyrosine phosphorylation of the

53



1. Introduction

CC1 domain of Robo by Abl inhibits Robo-mediated repulsion. Over-expression of Abl
causes midline guidance defects that are similar to the robo mutant phenotype (Bashaw
et al., 2000). Enabled binds to the CC2 domain of Robo and regulates actin dynamics
in response to signalling from the cell membrane. Repulsive responses via Robo are
disrupted in enabled loss of function mutants; therefore Ena is another modifier of Robo

signalling, but unlike Abl, acts by enhancing repulsion (Reinhard ef al., 2001).

The Rho GTPase family members Cdc42 and RhoA regulate Robo signalling in
a similar manner to their involvement in plexin receptor function. Upon binding of Slit
to Robo, Slit-Robo GTPase-activating proteins directly interact with the CC3 domain of

Robo and induce repulsion (Wong et al., 2001).

1.9.3.2 Netrins and their receptors

Netrins are a conserved family of secreted proteins that primarily act as long-range
chemoattractants but can also elicit short and long-range repulsive signals, hence act as
bifunctional guidance cues (Kennedy et al., 1994). Their name is derived from the

Sanskrit ‘netr’, meaning ‘one that guides’.

Netrin-induced attraction is mediated by the DCC (deleted in colorectal cancer)
family of receptors, which include Frazzled in Drosophila (Kolodziej et al., 1996),
UNC40 in C. elegans and DCC and neogenin in vertebrates (Yu et al., 2001; Shen et
al., 2002). Netrin-induced repulsion is mediated by the UNCS receptor family and also

by DCC co-receptors as described below.

DCC activates mitogen-activated protein kinase (MAPK) signalling via an
extracellular signal-regulated kinase (ERK)-1 and -2 to mediate netrin-1 binding in

commissural neurons. Inhibition of ERK-1/2 antagonises netrin-dependent axon
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outgrowth and orientation, hence MAPK signalling is required for netrin function

during axon guidance (Forcet et al., 2002).

A zebrafish gene, netrin-1a, most closely related to netrin-1 in other vertebrates,
has been cloned and characterised. It is widely expressed in the CNS during
axonogenesis in domains that implicate that it guides specific growth cones and
influences their behaviour. Axon tracts correlate with netrin-Ila expression and include
the anterior commissure, supraoptic tract, tract of the post-optic commissure, the
dorsoventral diencephalic tract, the ventral tegmental commissure, the medial
longitudinal fasciculus, hindbrain commissures and the ventral spinal cord (Lauderdale

et al., 1997).

Zebrafish floating head (flh) mutants lack a notochord and certain floor plate
cells in the caudal spinal cord are missing (Halpern et al., 1995). These embryos show
reduced expression of netrin-1a in regions of the spinal cord lacking floor plate cells.
Spinal commissural neurons located at the border or in between islands of netrin-la
expression abnormally extend their axons caudally towards regions that do express
netrin-la. However commissural neurons situated within retrin-1a expression domains

have normal ventral projections (Lauderdale et al., 1997).

A zebrafish homologue of DCC, zdcc, has been identified and characterised.
Sequence analysis of zdcc reveals that it is highly homologous to human, mouse, rat and
Xenopus DCC but is not a Neogenin homologue. Between 12 and 33 hpf, zdcc is
expressed in a dynamic spatiotemporal pattern and corresponds to the location of the
first neuronal nuclei of the zebrafish brain which develop during neurogenesis. These
include the ventro-caudal, dorso-rostral and ventro-rostral clusters, which later become

interconnected by outgrowing axons (Hjorth et al., 2001).
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1.9.3.3 Initial guidance decisions made by growth cones

Axons display an initial differential sensitivity to guidance cues, which allows them to
choose a path to attract them towards the midline or keep them away e.g. axons
expressing the DCC/frazzled group of receptors alone on their growth cones are
receptive to the attractive activity of the netrin molecules secreted from the midline
(Keino-Masu et al., 1996; Kolodziej et al., 1996). Conversely the expression of Robo
on growth cones makes them sensitive to the midline repellent Slit and turns axons
away from the midline (Kidd et al., 1998).

Transmembrane receptors determine whether a growth cone detects a cue as
attractive or repulsive. The cytoplasmic domains of receptors are important effectors
for initiating an attractive or repulsive response. The formation of heteromeric receptor
complexes is important in regulating the response of growth cones to complex
bifunctional guidance cues (Bashaw and Goodman 1999, Hong et al., 1999). Netrin-
induced attraction is switched to repulsion by the interaction of the cytoplasmic
domains P1 in DCC and DCC-binding (DB) in UNCS5 (for review, see Seeger and
Beattie, 1999).
1.9.3.4 Robo, Comm and Slit interactions at the midline
Commissural growth cones are able to adapt their sensitivity to midline signals. Before
crossing the midline, commissural neurons express robo mRNA but not Robo protein
on their surface in contrast to ipsilateral neurons, which do express Robo protein. After
crossing the midline, Robo protein levels on these neurons increase and they become
responsive to Slit. These switches in sensitivity explain why commissural axons do not

re-cross the midline and remain away from it (Kidd ez a/., 1998; Kidd et al., 1999).

The Drosophila transmembrane protein Comm downregulates Robo protein

levels to allow commissural axons to cross the midline. Once across the midline, Robo
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levels increase, suggesting Comm acts only at the midline (Tear et al., 1996, Kidd et al.,
1998). In the absence of Comm, commissural growth cones are unable to cross the
midline (Seeger e? al., 1993; Tear et al., 1996). When Comm is overexpressed in all
neurons, Robo protein levels are downregulated and the robo phenotype is observed
(Kidd et al, 1998). Comm protein accumulates at the axon surface within the
commissural region by a mechanism involving Comm in the midline glia. However
expression of Comm protein at the midline alone is not sufficient for commissure
formation. Midline crossing errors occur when Comm expression is inhibited
specifically in neurons and at the midline, therefore Comm is present and required in
both commissural neurons and midline glia. The lack of any guidance errors in
ipsilateral neurons means that Comm activity is not required at this location (Georgiou
and Tear, 2002).

Comm regulates Robo protein levels by binding to DNedd4, a Drosophila
ubiquitin ligase. Interference of Comm/DNedd4 interaction impairs Comm’s regulation
of Robo localisation and results in gain-of function activity at the midline (Myat et al.,
2002; Rosenzweig and Garrity, 2002). Ubiquitination of Comm by DNedd4 leads to
Robo protein sequestration away from the cell surface by transferring Robo from the
Golgi apparatus to endosomes (Keleman et a/, 2002).

The Drosophila gene lola (longitudinals lacking) is responsible for the
longitudinal extension of axons and their repulsion away from the midline (Seeger et
al., 1993; Giniger et al., 1994; Cavarec et al., 1997). It interacts with and increases
levels of the midline repellent Slit and its receptor Roundabout. In the absence of /ola,
Slit and Robo levels are reduced and excessive midline crossing occurs (Crowner et al.,
2002). Lola balances signals from multiple guidance molecules and regulates the

precise timing, location and level of their expression. It inhibits axon growth across the
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midline and promotes their longitudinal projections (Giniger et al., 1994; Madden et al.,
1999).

Drosophila Derailed (Drl) is a member of the ‘related to tyrosine kinase’ (RYK)
subfamily of receptor tyrosine kinases (RTKSs) that include mammalian RYK, a single
C. elegans member, and two additional members in Drosophila (Hovens et al., 1992,
Callahan et al., 1995; Oates et al., 1998; Savant-Bhonsale et al., 1999). Drl receptor is
expressed and required in growth cones and axons of neurons that extend into and
through the anterior commissure and is down regulated as they leave this domain.
Absence of its expression causes abnormal projections into the posterior commissure.
Misexpression of Drl in the posterior commissure neurons forces them to cross in the
anterior commissure, indicating that a repulsive ligand in the posterior commissure is
recognised by the Drl receptor. In dr/ mutants many axons still project normally to and
through the anterior commissure, indicating that Drl is part of a multicomponent system
that regulates correct commissure choice (Bonkowsky et al., 1999; Yoshikawa et al.,
2001). Derailed and Wnt5 act together to guide axons into the anterior commissure. A
reduction in the activity of wnt5 gene activity decreases the ability of misexpressed
Derailed to switch axons into the anterior commissure. In addition wnt5 mutants have
similar axon guidance defects to derailed mutants (Yoshikawa et al., 2003).

1.9.3.5 Silencing of Netrin attraction by Slit

An increase in Robo levels also silences the attractive response by commissural neurons
to netrin signalling via a direct interaction between the cytoplasmic domains CC1 in
Robo with P3 in DCC (Shirasaki et al., 1998). When growth cones are simultaneously
exposed to a gradient of netrin-1 and Slit2, the attractive response of netrin-1 is

silenced. The silencing effect of Slit2 is specific for attraction by netrin-1, as Slit2 does
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not block the attractive effect of brain-derived neurotrophic factor (BDNF) (Stein and

Tessier-Lavigne, 2001).

Replacement of the P3 domain in DCC by a SAM (sterile alpha) motif in EphB1
and of the CC1 domain in Robo by a SAM domain results in receptors that are
functional in attraction and repulsion respectively. When SAM substituition is
performed in only one of the two receptors, both the cytoplasmic domain interaction
and the silencing effect is abolished. But when SAM replacement is carried out
simultaneously in both receptors, their interaction and silencing response are restored.
When an exogenous Robol comprising its ectodomain and transmembrane domain but
with a truncated cytoplasmic domain is expressed, Slit2 no longer silences the attractive
effect of netrin-1. Hence silencing is mediated by direct interaction of receptor
cytoplasmic domains (Stein and Tessier-Lavigne, 2001).

Slit2 does not repel growth cones expressing full-length Robo1, hence additional
signalling molecules are required in the growth cone for repulsion to occur. When a
chimeric receptor comprising a Met ectodomain (Met receptor tyrosine kinase is a
receptor for hepatocyte growth factor, HGF), and the DCC transmembrane and
cytoplasmic domain are expressed in cells, an attractive response is elicited. But Slit2
does not silence the attractive response to HGF mediated by wild-type Met receptor
tyrosine kinase. Hence Slit2 can induce silencing when netrin is replaced by another
ligand, e.g. HGF, but this effect is only specific for attraction caused by activation of the
DCC cytoplasmic domain (Stein and Tessier-Lavigne, 2001). Attractive responses
elicited by activation of a DCC cytoplasmic domain, whether by netrin-1 or a
heterologous ligand acting on a chimeric receptor such as the cytoplasmic domain of
Robol and the ectodomain of either the trkA receptor tyrosine kinase, a receptor for

nerve growth factor, NGF, or Met can be silenced by activation of a Robo cytoplasmic
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domain. An exogenously expressed truncated Robo receptor blocks silencing, therefore
the presence of Slit protein is not sufficient to block netrin attraction and the effect of
this ligand is mediated by an endogenously expressed Robo receptor.

The phenotypes in Robo and Slit loss-of-function mutants reflect loss of a
repulsive and silencing function so that axons are abnormally attracted to the midline by
netrin signalling. Deletion of the CC1 domain in Robo leads to impaired receptor
binding of Enabled protein; inhibition of Robo mediated repulsion and hence partial
rescue of the robo phenotype. As mentioned above, the CC1 domain is also the site of
Abelson tyrosine kinase binding. Phosphorylation of a conserved tyrosine by Abl
impairs Robo function, and mutation of this tyrosine to phenylalanine leads to a
hyperactive Robo receptor (Bashaw et al., 2000). Genetic studies in Drosophila on
Robo2 and Robo3, which both contain a CC1 domain, have provided evidence that they
function to repel axons away from the midline as well as silencing attraction (Simpson
et al., 2000; Rojagopalan et al., 2000).

Experiments in Xenopus have shown that guidance signals are integrated
hierarchically. Stage 22 spinal neurons are responsive to the silencing effect of netrinl
attraction by Slit. But they are not repelled by Slit, hence Slit-Robo function is relevant
only as a modifier of the netrin response. However stage 28 neurons are repelled by
Slit, but do not respond to netrin signalling, hence the interactions between guidance
receptors are intrinsically regulated by other factors too (Stein and Tessier-Lavigne,
2001).

Slit-mediated interaction between the cytoplasmic domains of Robol and DCC
is reminiscent of the netrin-gated interaction between DCC and UNCS cytoplasmic

domains (Hong et al., 1999). The cytoplasmic domains of receptors are important in
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altering the function of DCC; interaction with UNCS switches its attractive response to
repulsion and binding to Robo leads to silencing (Stein and Tessier-Lavigne, 2001).

1.9.3.6 Semaphorins and their receptors

Semaphorins (Semas) comprise a large family of secreted and cell-surface proteins that
function in axon repulsion. Each family member is characterised by a conserved, 500
amino acid long ‘Sema’ motif in their extracellular domains. The first semaphorins
were identified in grasshopper (Sema-1a/fasciclin IV) and chicken (Sema3a/collapsin-
1/Sema III). To date, more than 30 Sema members have been isolated. They exhibit
strong evolutionary divergence and act on many neuronal cell types, including
sympathetic, motor, cerebellar, hippocampal, olfactory, corticospinal and dorsal root

ganglion neurons (for review see Chisholm and Tessier-Lavigne, 1999).

Semaphorins are divided into transmembrane (classes 1, 4 and 6),
glycosylphosphatidyl inositol (GPI; class 7) and secreted (classes 2, 3 and V) protein
subfamilies. Classes 1 and 2 are found in invertebrates, classes 3 to 7 in vertebrates and
class V in viruses. Examples of evidence for the repulsive activities of semaphorins
include secreted Sema3A (collapsin-1/Sema III), an inducer of sensory growth cone
collapse that can repel their axons, secreted vertebrate class 3 and Drosophila Sema-2a
(for review see Culotti et al., 1996). Certain classes of semaphorins regulate axon
fasciculation depending on where they are expressed, e.g. grasshopper Sema-la and
vertebrate Sema3A in the surrounding environment cause fasciculation of axons
through repulsion (for review see Culloti et al., 1996, Keynes et al., 1997, Taniguchi et
al., 1997), whereas Drosophila transmembrane Sema-1a is required for defasciculation

of motor axons (Yu et al., 1998).

Two receptors families, the plexins (Plexs) and neuropilins (NPs), which are

found on specific growth cones, mediate the repulsive cues elicited by semaphorins.
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NPs are divided into subfamilies NP1 and NP2 and Plexs into PlexA1-4, PlexB1-3.
PlexC1, and PlexD1 on the basis of their structural similarities (for review see
Tamagnone er al., 2000). Plexins usually bind directly to semaphorins to activate
intracellular signalling cascades. However class 3 semaphorins (Sema3A-3F) use
neuropilins as coreceptors for signalling through plexin receptor subunits (for review

see Tamagnone et al., 2000).

Plexins are a large family of transmembrane proteins that function as repulsive
receptors for most if not all semaphorins. They contain a Sema domain at their amino
terminus, a cysteine-rich motif in their extracellular region and a conserved plexin-
specific domain at their carboxy terminus (for review see Tamagnone et al., 2000).
Members of the GPI-linked, viral and transmembrane Sema classes bind to Plexs, which
become phosphorylated upon ligand activation (Tamagnone et al., 1999) and initiate
Plex-dependent signalling pathways e.g. Drosophila PlexAl, human PlexB1 and
PlexC1 are receptors for SemalA, Sema4D and Sema7A respectively (Winberg et al.,
1998, Takahashi et al., 1999, Tamagnone et al., 1999). Plexins do not have intrinsic
kinase activity (Maestrini et al., 1996) and this led to investigations of potential kinases

responsible for phosphorylation of these receptors upon ligand binding.

Studies in Drosophila have revealed that the receptor tyrosine kinase Off-track
(OTK, formerly known as Dtrk) associates with PlexinAl, a receptor for Sema 1A.
Mutations in the otk gene lead to defects in guidance of the ISNb motor axon as it
defasiculates and branches at specific choice points along its trajectory. These guidance
defects are similar to the phenotypes seen in loss-of-function mutations of SemalA that
mediates axon defasciculation (Yu et al., 1998), or its receptor, Plexin Al, suggesting

that they may all act in the same pathway. Genetic interactions between the three
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mutations (SemalA, plexinAl, and otk) suggest that they function coordinately, with

OTK and Plexin A1 acting downstream of Sema 1A (Winberg ef al., 2001).

Biochemical and genetic studies in Drosophila have shown that members of the
Rho GTPase family (primarily Cdc42, Rac, and RhoA) integrate guidance cues and
mediate local regulation of the actin cytoskeleton (Hall, 1998) by co-localising with
ligand-associated semaphorin receptors and activating their effectors to transduce
signals downstream. For example, Racl-GTPase acts downstream of the
Sema3A/Neuropilin-1-PlexA1 complex and activates its downstream effector p21-
activated kinase (PAK; Manser et al., 1994). By activating LIM kinase and inhibiting
myosin light chain kinase (MLCK), PAK inhibits actin turnover, which results in axonal
growth cone collapse (Jin et al., 1997, Foumier et al., 2000). PlexB binds to and
inhibits Rac-GTP output by blocking its access to PAK and, at the same time, binds to
and increases activation of RhoA, leading to growth cone retraction via LIM kinase
signalling, which phosphorylates and inactivates cofilin, an actin depolymerising factor
(Hu et al., 2001). Plex-B1 has been shown to interact with PDZ-RhoGEF and LARG,
two members of the Dbl family of guanine nucleotide exchange factors (GEFs) that

activate RhoA, to induce cell repulsion (Swiercz et al., 2002).

Neuropilin receptors are expressed by commissural neurons and are required to
navigate commissural axons across the CNS midline to their rostral targets after midline
crossing (Zou et al., 2000). These receptors bind class 3 semaphorins and together with
slit proteins, prevent commissural axons from re-crossing the midline. Neuropilin-1
binds all secreted semaphorins, whereas neuropilin-2 binds SemaFE (collapsin-3) and
Sema IV but not Sema III (collapsin-1) (Chen et al., 1997). Neuropilin-deficient mice

exhibit defasciculation in certain branchiomotor nerves and in the segmental nerves
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innervating the limb buds and this phenotype is consistent with the role of neuropilins

as semaphorin receptors (Kitsukawa et al., 1997).

Several semaphorins have been cloned in zebrafish (SemaZ) and their sequence
homology to other semaphorins and expression patterns identified (Halloran et al.,
1998). SemaZla is highly homologous to Sema III/D/collapsin-1 (Yee et al., 1999). Its
expression pattern during axonogenesis and the findings that SemaZla repels
peripherally extending growth cones of posterior lateral line ganglia neurons and causes
collapse of chick dorsal root ganglia growth cones indicate that it has potential roles in
axon guidance (Shoji et al., 1998). SemaZ?2 is highly homologous to collapsin-2 and is
expressed in a number of neuroectodermal and mesodermal tissues. Its expression
domains in the forebrain and midbrain include the rostral diencephalon spanning the
midline at the base of the optic stalks and the caudoventral diencephalon extending into
the midbrain tegmentum. Interestingly, the axons that form the initial scaffold of tracts
in the brain, including those of the nucleus of the posterior commissure and the
epiphysial neurons, grow around but not through the domains of semaZ2 expression,
suggesting that SemaZ2 acts as an inhibitory guidance molecule (Halloran et al., 1999).
In the hindbrain, domains of semaZ2 expression include the floor plate cells at the
ventral midline of the CNS and clusters of commissural neurons present in rhombomere
boundary regions. SemaZ2 is also expressed in a subset of cranial neural crest cells,
pharyngeal arches and placode derivatives as well as the notochord, pectoral fin and tail
buds. The domains of semaZ2 expression in the diencephalon and floor plate of the
midbrain and hindbrain are reduced in whitetail and completely absent in cyclops and
correlate with axon guidance defects in these mutants (Halloran et al., 1999; Yee et al.,
1999). SemaZ7 encodes a transmembrane class IV semaphorin that is most similar to

human CD100 (Hall et al., 1996) and its expression domains include the dorsal optic
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tectum, rhombomeres 5 to 7 of the hindbrain, dorsal and ventral spinal cord, pharyngeal
arches and the pectoral fin bud. SemaZ8 encodes the carboxy half of a secreted class III
semaphorin (Luo et al., 1995, Piischel et al., 1995) and its expression domains includes
the somites and two bilateral rows of cells in the ventral lateral tegmentum in the
midbrain. SemaZ9 is likely a class III semaphorin and shows greatest sequence
similarity to mouse SemaA (Piischel et al., 1995) and human SemaV (Sekido et al.,
1996). SemaZ10 and Z11 are likely to be class IV semaphorins with SemaZ10 showing
highest sequence similarity to M-Sema G (Furuyama et al., 1996) and SemaZl1 to
mouse SemaC (Piischel et al., 1995).

1.9.3.7 Ephrins (Eph) and their receptors

The Eph family of receptor tyrosine kinases and their ligands, the ephrins, are involved
in short-range chemorepulsive and chemoattractive axon guidance. Invertebrates have
only one Eph receptor (Dearbom ef al., 2002), whereas vertebrates contain 14 Eph
receptors and 9 ligands that are further divided into two classes based on the receptor(s)
they interact with. Class one consists of EphA receptors (EphA1-A8) that bind to
glycosyl-phosphatidyl-inositol (GPI)-anchored ephrin-As and class two is made up of
EphB receptors (EphB1-B4) that interact with transmembrane attached ephrin-Bs;
which have a highly conserved cytoplasmic domain containing a single catalytic
tyrosine kinase region (Tuzi and Gullick, 1994; Flanagan and Vanderhaeghen, 1998).
The binding specificity of both receptor types is low; each receptor binds to most
ligands of its corresponding subclass and conversely each ligand binds to multiple

receptors (Brambilla ez al, 1995; Gale and Yancopoulos, 1997).

Functional studies have revealed important roles for ephrins in the patterning of
the forebrain and hindbrain (Xu et al., 1995, 1996) and formation of certain

commissures (Henkemeyer et al., 1996; Oriolo et al., 1996). At the cellular level,
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ephrins function as contact-dependent repulsive signals for retinal axons, motor axons,
cortical neurons and neural crest cells (for review see Drescher, 1997). In vitro
experiments have shown a role for ephrin-A5 in axon fasciculation and the formation of

axon branches of cortical neurons (Winslow et al., 1995; Caras, 1997).

Class B ephrins are expressed in the dorsal spinal cord and the floor plate and
their corresponding receptor(s) is expressed on commissural axons that project
longitudinally between these ephrin domains. Interference with endogenous EphB-
ephrinB interactions in intact spinal cord explénts results in repulsion and abnormal
projection of commissural axons away from the floor plate into dorsal regions of
ephrinB expression; hence class B ephrins function in commissural axon pathfinding on
the contralateral side of the floor plate (Imondi and Kaprielian, 2001). Mice deficient
for the EphB2 receptor (Nuk) show aberrant formation of the anterior commissure;
these fiber tracts are misdirected to the ventral forebrain instead of crossing the midline
(Henkemeyer et al., 1996). Mice deficient for the EphB3 receptor (Sek4) show defects
in the formation of the corpus callosum; these fiber tracts accumulate near the midline
on the ipsilateral side instead of crossing the midline (Orioli et al., 1996). Mice
deficient for the EphA8 receptor (Eek) show defects in the fiber tract that normally
connects the superior colliculus of the midbrain with the contralateral inferior
colliculus; the fibers follow the aberrant ipsilateral path to the cervical spinal cord

instead (Park et al., 1996).

Both classes of ephrin ligands and Eph receptors signal bidirectionally i.e. the
interaction of a receptor-expressing cell with a ligand-expressing cell initiates a
signalling response in both cells. Ephrins are inactive in their monomeric form and
require membrane attachment via their cytoplasmic SAM motif for receptor acﬁvation.

Binding of ephrins to Eph receptors results in receptor tetramerisation, initiation of their
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intrinsic tyrosine kinase activity and autophosphorylation of specific tyrosine residues
in their cytoplasmic domains. This creates binding sites for phospho-tyrosine binding
motifs of downstream target proteins, which include Src family kinases, RasGAP and
phospholipase Cy (Henkemeyer et al., 1996; Holland et al., 1996, Bruckner and Klein,
1998). Activation of EphA by ephrinA interaction results in downregulation of
mitogen-associated protein kinase (MAPK) levels. MAPK normally signals to the
cytoskeleton and its inhibition explains why Ephs are unable to induce cellular growth
and proliferation (Miao ef al., 2001). EphA receptors also bind to Eph-interacting
exchange protein (Ephexin) and in turn activate RhoA GTPases but inhibit the activity

of Rac-1 and Cdc42; resulting in growth cone collapse (Shamah et al., 2001).

The retinotectal map is a well-studied model system for the study of axon
guidance. The ephrins and Eph receptors play an important role in the development of
this projection and show graded expression patterns in both the retina and the tectum
(Drescher et al., 1997). The EphA family determine the formation of the antero-
posterior (A-P) retinotectal projection. EphA receptors are highly expressed in the
temporal retina and anterior tectum, whereas ephrin-As are highly expressed in the nasal
retina and posterior tectum. Due to repulsive interactions, axons with high Eph receptor
concentrations target regions of the tectum with low ephrin concentrations and axons
with low Eph concentrations project to areas of the tectum with high ephrin
concentrations (for review see Knoll and Drescher, 2002). EphBs are expressed in a
low to high dorso-ventral (D-V) gradient in the retina, and a low to high D-V gradient in
the tectum and its mammalian homologues, the thalamus and superior colliculus (SC).
Ephrin-Bs are expressed in a high to low D-V gradient in the retina and a high to low D-
V gradient in the tectum/SC. Axons expressing high levels of EphB project to targets

with high levels of ephrin-B by reverse signalling and vice versa by forward signalling.

67



1. Introduction

EphrinB/EphB bi-directional signalling is therefore important in determining D-V
mapping and mediating attractive responses (Hindges et al., 2002; Mann et al., 2002,

Pittman et al., 2002; for review see Grunwald and Klein, 2002).

A glycoprotein purified from tectal membranes of embryonic chicken called
repulsive guidance molecule (RGM), has recently been identified as a repulsive
guidance molecule for retinal axons. It shares no sequence homology with known
guidance cues but its messenger RNA is expressed, similar to the Eph family, in a
gradient with increasing concentration from the anterior to posterior axis of the tectum.
Recombinant RGM has been shown to induce collapse of temporal retinal axon growth

cones (Monnier et al., 2002).

1.9.3.8 The retinotectal projection in zebrafish

Retinal ganglion cell (RGC) axons exit the eye through the optic nerve head (papilla) in
the central retina and grow along the ventral surface of the optic stalk. They then cross
the ventral midline of the forebrain alongside pre-existing axon bundles of the tract of
the post-optic commisure, turn dorso-caudally and target the contralateral optic tectum
in the dorsal midbrain. Their final position depends on their original location in the
retina. Axons from the nasal (anterior) retina project to the posterior tectum and those
from the temporal retina target the anterior tectum. Dorsal and ventral retinal axons
project to the ventral and dorsal tectum respectively. In addition to the contralateral
tectum, zebrafish RGC axons also normally target several nuclei located in the ventral
diencephalon, dorsal to the optic tract. The first RGC axons extend during the second
day of development and the retinotectal map develops over the next 5 days (Burrill and

Easter, 1995).

68



1. Introduction

Zebrafish mutants were screened by labelling retinal ganglion cells of 5-day-old
larvae with Dil and DiO and their axonal projections to the tectum analysed. They were
classified and grouped according to the position of their axonal defects. In class I
mutants (belladonna, detour, you-too, iguana, umleitung, blowout) axons leave the eye
and project to the ipsilateral tectum. Class II mutants (chameleon, bashful) also show
ipsilateral projecting axons as well as pathfinding defects within the eye. Class III
mutants (esrom, tilsit, tofu) have fewer axons than normal crossing the midline but some
do target the contralateral tectum. Class IV mutants (boxer, dackel, pinscher) show
axon sorting defects after crossing the midline and pathfinding errors once the retinal
axons have reached the tecta. The final group, class V mutants (bashful, grumpy,
sleepy, cyclops, astray) have anterior-posterior pathfinding defects at or after the
midline. Analysis of these mutants has shown that a sequence of guidance cues direct
axons to their final target and has identified the ventral midline as a critical and complex

choice point during this process (Baier et al., 1996; Karlstrom et al., 1996).

The zebrafish astray (ast) mutant exhibits pathfinding defects, particularly in the
ventral diencephalon, excessive midline crossing and defasciculation of the retinal
projection. The pathfinding errors in ast correlate with Slit2 and Slit3 expression in the
ventral diencephalon, suggesting that they are responsive to these repulsive cues in the
surrounding environment. Astray is defective in the gene encoding Robo2, a
homologue of the Drosophila axon guidance receptor Roundabout (Fricke et al., 2001).
The midline of the ventral diencephalon is a critical choice point for retinal axons. At
this location, growth cones in wild-type zebrafish migrate slower and become more
complex and those in ast alter their morphology and make most of their pathfinding
errors. However, these defects in ast are also observed both before and after the midline

hence Robo2 function is required in growth cones before reaching the midline (Hutson
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and Chien, 2002). Interestingly, the role of Robo in zebrafish is different to its function
in Drosophila, which has low expression in commissural axons during midline crossing
and is upregulated upon leaving the midline to prevent re-crossing (Kidd et al., 1998).
But it is similar to mutations in the C. elegans Robo homologue sax-3 and its ligand slit,

which cause midline crossing defects (Zallen et al., 1998; Hao et al., 2001).

Zebrafish brain patterning mutants show retinotectal pathfinding defects similar
to ast. They include no isthmus (noi), which has a mutation in the gene pax2./ (Brand
et al, 1996) and acerebellar (ace), which is defective in the fgf8 gene
(Shanmugalingam ef al., 2000). In noi, retinal axons project anteriorly, ipsilaterally and

occasionally into the opposite eye (Macdonald et al., 1997).

1.9.3.9 Non-axon guidance functions of signalling cues

Slits also function in mesodermal cell migration (Hedgecock e al., 1990; Kramer et al.,
2001), ephrins in somitogenesis, vasculogenesis (for review see Wilkinson, 2001) and
synaptic plasticity (Grunwald et al., 2001; Henderson et al., 2001; Takasu et al., 2002)
and semaphorins in heart and bone development (Behar et al., 1996). Neuropilin-1 is a
cell-surface receptor for vascular endothelial growth factor (VEGF) and is required for
angiogenesis in mice and zebrafish (Lee et al., 2002). Sema 4D is also implicated in

metastatic processes through activation of the Met pathway (Giordano et al., 2002).

1.10 Local guidance at the midline and regulation of axon
fasciculation

Cell adhesion molecules (CAMs) also regulate axon guidance by altering their adhesion
to the extracellular matrix (ECM) and other cells (for review see Tessier-Lavigne and
Goodman, 1996). The neural cell adhesion molecule (NCAM) belongs to the

immunoglobulin (Ig) superfamily, was the first member to be identified in vertebrates
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and is widely expressed in the developing and adult brain. It is involved in fasciculation
and pathfinding of axons and mediates its function by interacting with a variety of
ligands, including the neural adhesion molecule, L1 (Walsh and Doherty, 1997; Kiss
and Muller, 2001). L1 interacts with neuropilin-1 and is a component of a Sema3A
receptor complex that converts Sema3A-mediated repulsive signals to cortical neuron
growth cones (Castellani et al., 2000). NCAM interacts with polysialic acid, PSA,
which attaches to its cell surface and inhibits NCAMs ability to promote adhesion and
cell-cell interactions mediated by other molecules (for review see Rutishauser, 1989;
Rutishauser and Landmesser, 1996). Elongation and pathfinding of corticospinal axons
are impaired in NCAM and L1- deficient mice (Cohen et al., 1998; Rolf ef al., 2002).
These defects are phenocopied in wild-type mice by removal of PSA by a PSA-specific
endosialidase, endosialidase N (EndoN; Ono et al., 1994). In the chick, removal of PSA
results in defects in fasciculation and pathfinding of retinal axons (Landmesser et al.,
1990; Monnier et al., 2001).

In zebrafish, PSA is not expressed in hindbrain commissural axons but controls
midline crossing by acting on floor plate cells, where it is expressed (Marx et al., 2001).
PSA-NCAM expression is selective and only found in a small set of axon tracts, unlike
that found in other vertebrates. Injection of EndoN into the developing CNS causes
defasciculation of the posterior commissure. This is because commissural axons and
the surrounding CNS express PSA and its removal increases interactions that attract

growth cones into paths not normally chosen by these axons.

Heparan sulphate proteoglycans are carbohydrate modifications of some proteins
found on the cell surface or in the extracellular matrix (ECM). They enhance binding of
Slit2 to its receptor Robo-1 and are involved in Slit2-mediated repulsion (Hu et al.,

2001). Other ECM molecules involved in the control of axonal growth include laminin,

71



1. Introduction

fibronectin, collagen, nidogen, vitronectin, tenascin and thrombospondin and the main
receptors for these ligands are integrins, proteoglycans and Ig superfamily members (for

review see Tessier-Lavigne and Goodman, 1996).

1.11 Aims

Zebrafish mutants isolated from large-scale chemical mutagenesis screens display
defects in various aspects of embryonic development (Driever, 1996; Haffter, 1996).
The aim of this project was to carry out molecular and phenotypic characterisation of

four such mutants with defects in axonal development in the CNS.

4
kU 1 ta76b

The mutants monorail™®, shrink®™, otter™™® and eisspalte®”’® (Brand et al.,
1996; Jiang et al., 1996; Corinne Houart, personal communication) were studied (see
Table 1.1). Phenotypic characterisation of each mutant was carried out using a variety
of molecular markers and dissecting and compound microscopes with Nomarski optics
to reveal defects in various aspects of CNS development. Initial investigation involved
wholemount labelling of embryos with an antibody to acetylated a-tubulin to reveal
early axon pathways in the brain (Pipemo and Fuller, 1985). Further
immunohistochemical techniques were then used to reveal other structures and identify
new phenotypes. It was anticipated that re-screening of these mutant lines together with
genetic mapping and identification of the affected genes would provide new insights
into early vertebrate brain development and increase knowledge of the processes and

components involved in neuronal patterning and commissural axon pathfinding in the

central nervous system.
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Table 1.1 Original

phenotypes

investigated:

of

2. Materials and Methods

the mutant

Mutant name and

Gross morphological

Specific CNS abnormality

allele phenotype
monorail (mol"™*?) Curly tail down. Absence of ventral tegmental
Patchy floor plate. commissure,
Irregular notochord. Reduction of floor plate
width in the hindbrain
region.

Ventral midbrain and
hindbrain disorganisation of
axon trajectories and
neurons.

eisspalte (ele®”’®)

Thicker hindbrain and notch

Defasciculated anterior

in hindbrain posterior to commissure.
cerebellum. Very poor tectum.
Small eyes and head. ‘Disorganised’ hindbrain.
Enlarged brain ventricles. Thicker optic nerve.
otter (ott*™) Reduced brain ventricles. Defasciculated anterior and
Obscure midbrain-hindbrain post-optic commissures.
boundary. Ectopic axons in the ventral
Smaller eyes and otic- forebrain.
vesicles.
shrink (sik™*") Small eyes. Defasciculated post-optic
Cell death in the head by commissure.
embryonic day three. No tecta.
Disorganised axon
trajectories and neurons in
the hindbrain.
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2. Materials and Methods

2. Materials and Methods
2.1 Materials
2.1.1 Standard buffers and reagents

All reagents were purchased from SIGMA® unless otherwise stated.

Agarose Gel

RNA Gel

Ammonium persulphate

Blue dextran loading buffer

Ficoll 400 solution

0.8-3.5 % (w/v) agarose (GibcoBRL®)
100 ml of 1.0 X TBE buffer

0.005 % (v/v) ethidium bromide (10 mg/ml)

1.0 % (w/v) agarose
37 ml distilled water
8 ml formaldehyde
5 ml 10 X MOPS

0.005 % (v/v) ethidium bromide (10 mg/ml)

10 % wiv

5 parts de-ionised formamide
1 part 50 mM EDTA (pH 8.0)
30 mg/ml Blue Dextran
Stored at -20°C in aliquots.

20 % (w/v) in distilled water
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Loading buffer (10 X)

Molecular weight ladder

(Gibco BRL®)

MOPS (10 X)

2. Materials and Methods

28.5 % (w/v) Ficoll 400 (Pharmacia®)
1.4 % (wiv) SDS

28.5 % (w/v) 0.5 M EDTA (pH 8.0)
0.5 % (w/v) Orange G

made up with distilled water

Stored at room temperature.

10 % (v/v) 1 kb ladder

80 % (v/v) TE buffer

5 % (v/v) 10 X loading buffer
5 % (w/v) Ficoll 400 solution
0.4 % (w/v) S M NaCl

Stored at -20°C in aliquots.

0.2 M MOPS acid

dissolved in DEPC treated water (pH 7.0)
5 M NaOH

50 mM Sodium acetate (pH 7.0)

10mM EDTA (pH 8.0)
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RNA loading buffer (10 X)

RNA sample running buffer

dNTP mix (10 mM)

TBE (10 X)

TBE (0.5-1.0 X)

2. Materials and Methods

50 % (v/v) glycerol

1.0 mM EDTA

0.25 % (w/v) Bromophenol blue
0.25 % (w/v) Xylene cyanol.
Stored at room temperature

1 X MOPS

17.5 % (v/v) formaldehyde,

50 % (v/v) formamide.

100 pl of each 100mM stock solution of dATP,
dCTP, dGTP and dTTP (GibcoBRL®) made up to

1.0 ml with distilled water.

10.8 % (w/v) Tris-base
5.5 % (w/v) Boric acid
0.9 % (w/v) EDTA

made up to 1.0 litre with distilled water

50-100 ml of 10 X TBE

made up to 1.0 litre with distilled water
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TE buffer (TE)

PBS (1 X)

PBTriton (1 X)

PBTween (1 X)

Embryo lysis buffer

Proteinase K

Disruption buffer

2. Materials and Methods

10mM Tris-HCI (pH 8.0)

1.0 mM EDTA

1 tablet (pH 7.4; Oxo0id®)

dissolved in 1.0 litre of distilled water.

0.8 % (v/v) Triton X-100 in 1 X PBS

0.8 % (v/v) Tween-20 in 1 X PBS

10 mM Tris-HCI (pH 8.3)
50 mM KCl
0.3 % (v/v) Tween-20

0.3 % (v/v) Nonidet P40

Working dilution of 10 mg/ml

100 mM NaCl
50 mM Tris (pH 8.0)
100 mM EDTA (pH 8.0)

1.0 % (w/v) SDS
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LB broth

L-agar

Protease inhibitor solution

Protein extraction buffer

Running buffer

2. Materials and Methods

10 g Bacto tryptone
5 g yeast extract
10 g NaCl

made up to 1.0 litre with distilled water, adjusted
to pH 7.5, autoclaved and stored at room

temperature.

1.5 % (w/v) agar in LB broth.

1 protease inhibitor cocktail tablet (Roche®)

dissolved in 700 pl of distilled water

0.1 % Triton X-100

0.1 % Nonidet P40

0.1 M PMSF

10 X protease inhibitor cocktail tablet (Roche®)

solution made up to 1.0 ml with PBS.

Stored at -20°C in aliquots.
0.025 M Tris-base

0.192 M glycine

0.1 % (w/v) SDS

made up to 1.0 litre with distilled water
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Transfer buffer

Destaining solution

PBS-Tween

Blocking buffer

TBS (1 X)

TBS-Tween

Coomassie blue stain

Ponceau S staining solution

2. Materials and Methods

25 mM Tris-HCl (pH 8.3)

150 mM glycine

7.0 % (v/v) acetic acid
40 % (v/v) methanol

made up to 1.0 litre with distilled water

0.05 % (v/v) Tween-20 in 1 X PBS

5.0 % (w/v) non-fat dried milk in PBS-Tween

10 mM Tris (pH 8.0)

150 mM NacCl

0.05 % (v/v) Tween-20 in 1 X TBS

0.1 % (w/v) Coomassie brilliant blue R-250
25 % (v/v) methanol

10 % (v/v) acetic acid

made up to 1.0 litre with distilled water

0.2 % (w/v) Ponceau S in 3.0 % (w/v) TCA
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Resolving gel mixture

Stacking gel mixture

SDS sample buffer (2 X)

2. Materials and Methods

6.0 ml 30 % (v/v) acrylamide/bisacrylamide-

37.5:1 (Bio-Rad®),

3.8 ml of 1.5 M Tris (pH 8.8)

150 pl of 10 % (w/v) SDS

150 pul of 10 % (w/v) APS

6.0 ul TEMED

made up to 15 ml with distilled water

830 pl of 30 % (v/v) acrylamide/bisacrylamide-

37.5:1 (Bio-Rad®),

630 pl of 1.0 M Tris (pH 6.8)

50 ul of 10 % (w/v) SDS

50 pl of 10 % (w/v) APS

5.0 ul TEMED

made up to 5.0 ml with distilled water
0.6 % (v/v) IM Tris-HCI (pH 6.8)
0.8 % (w/v) SDS

0.5 % (v/v) B-mercaptoethanol

1.0 % (v/v) glycerol

1.0 % (w/v) bromophenol blue

made up to 10 ml with distilled water

Stored at -20°C in aliquots.
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2.1.2 Maintenance of zebrafish, embryo collection and staging

Breeding zebrafish (Danio rerio) were maintained at 28.5°C on a 14 hour light/10 hour
dark cycle (Westerfield, 1993).

Wild-type embryos were generated from the lines WIK (Rauch et al., 1997);
Tibingen, Tu (Haffter and Niisslein-Volhard, 1996); *AB (Chakrabarti et al., 1983),
and Tup Longfin, TL (Haffter er a/., 1996 (a)). ENU-induced mutant embryos were
obtained from the lines shrink, sik>*' (Corinne Houart, unpublished results); monorail,
mol™** (Brand et al., 1996); otter, ott™"®® and eisspalte, ele””"® (Jiang et al., 1996).

Mutant carriers were identified by random intercrosses, and outcrossed to wild-
type fish to maintain the stock. For genetic mapping purposes mutant carriers were
outcrossed to the WIK line (see Figure 1.3). To obtain mutant embryos, two
heterozygous carriers were mated. Typically, the eggs spawned synchronously at dawn,
embryos were collected in water supplemented with methylene blue to prevent growth
of mould in the water, sorted, observed and fixed either in 4.0 % (W/V)
paraformaldehyde (PFA) or 2.0 % (w/v) TCA after different stages of development at
28.5°C. In addition, morphological features were used to determine the age of embryos
(Westerfield, 1994; Kimmel et al., 1995). Throughout this thesis, the developmental
age of the embryos will correspond to the number of hours elapsed since fertilisation,
hpf. To inhibit pigmentation and maintain optical transparency, embryos were
transferred to fish water containing 0.2 mM PTU between 18 and 22 hpf (Burrill and
Easter, 1994). PTU acts by inhibiting tyrosinase activity (Westerfield, 1993).

Caution: PTU is extremely toxic and protective clothing must be worn upon handling.
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2.1.2.1 Observation of live embryos

Differential Interference Contrast microscopy / Nomarski Optics

Embryos were observed in fish system water and manually dechorionated with #5
watchmaker’s forceps. When required, embryos were anaesthetised in 0.02 % (w/v)
tricaine and immobilised for viewing in 3.0 % (w/v) methyl cellulose in fish system
water (40 g Instant Ocean in 1.0 litre of distilled water).

2.1.2.2 Generation of transgenic fish

The monorail-Isletl-GFP line was generated by crossing a heterozygous monorail
carrier with a homozygous Isletl-GFP fish (Higashijima et al., 2000). The resulting
progeny were homozygous for Isletl-GFP and 25 % of the fish were heterozygous
monorail carriers.

Fluorescent signals in both live and fixed embryos were assayed under a

fluorescence microscope (Leica).

2.2 Methods
2.2.1 Immunohistochemistry
2.2.1.1 Antibodies used

The primary monoclonal antibodies used were anti-acetylated a-tubulin (1:1000;
Piperno and Fuller, 1985) and anti-zrf-1 (1:4; Institute of Neuroscience, University of
Oregon; Trevarrow et al., 1990). The primary polyclonal antibody used was anti-GFP
(1:1000; AMS Biotechnology®). The secondary antibody used was horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (1:200) for all reactions except for anti-

GFP, for which anti-rabbit IgG-HRP (1:200) was used.
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2.2.1.2 Whole-mount antibody labelling of 24-72 hpf embryos

Up to twenty PTU-treated, dechorionated embryos were transferred to a microcentrifuge
tube with a Pasteur pipette. The embryo medium was removed and embryos were fixed
either for 3 hours at room temperature or at 4°C overnight in 1.0 ml volume of 4.0 %
(w/v) PFA if 30 hpf or younger. Embryos older than 30 hpf were fixed in an equivalent
volume of 2.0 % (w/v) TCA in phosphate-buffered saline, PBS (Ox0id®) for exactly 3
hours at room temperature. After fixation, the embryos were washed 3 x 5 min in an
equivalent volume of PBS. Embryos could be stored for up to a week at 4°C in PBS
before antibody labelling. Prior to labelling, embryos were washed 3 x 5 min in PBS
and 2 x 10 min in PBTriton (PBS with 0.8 % (v/v) Triton X-100 (BDH®)) at room
temperature to remove all traces of fixative. Embryos older than 48 hpf were
permeabilised by incubation in chilled trypsin (Gibco BRL®) solution (0.25 % (w/v) in
PBTriton) and incubated on ice for 4 min. The trypsin solution was immediately
replaced with PBTriton and the embryos were washed 5 x 5 min at room temperature.
The embryos were then incubated in 1.0 ml of 10 % (v/v) normal goat serum in
PBTriton (blocking solution) for at least 1 hour at room temperature to block non-
specific binding sites for immunoglobulins and other types of background protein
interactions. The blocking solution was replaced with primary antibody diluted in 1.0
ml of 1.0 % (v/v) normal goat serum in PBTriton and incubated overnight at 4°C on a
rocking table with gentle agitation. The following day the primary antibody solution
was removed and the embryos were washed over several hours in PBTriton with gentle
agitation at room temperature. The buffer was changed at least five times and the final
wash was in PBS. The background staining was significantly reduced by longer
washes. For embryos older than 30 hpf, endogenous peroxidases were quenched by

washing the embryos in the following solutions at room temperature:
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e 5 min in 50 % (v/v) methanol/PBS solution,

¢ 5 min in 100 % (v/v) methanol,

¢ 10 min in 1.0 ml of 100 % (v/v) methanol/50 pl 6 % (v/v) hydrogen peroxide

(H20,).

e 5 min in 50 % (v/v) methanol/PBS solution,

e 10 min in PBS,

¢ 10 min in PBTriton.
The embryos were then incubated in secondary antibody diluted 1.0 ml of 1.0 % (v/v)
normal goat serum in PBTriton and incubated overnight at 4°C on a rocking table with
gentle agitation. The following day the primary antibody solution was removed and the
embryos were washed over several hours in PBTriton with gentle agitation at room
temperature. The buffer was changed at least five times and the final wash was in PBS.
Embryos were transferred to a multiwell plate, excess PBS was removed and 0.5 ml of 2
mM diaminobenzidine (DAB) in PBS was added per well.
Caution: DAB is a potential carcinogen, protective clothing must be worn and it should
be dispensed in a fume cupboard. Solutions containing DAB should be disposed of in
bleach waste.

The embryos were pre-incubated for 20 min at room temperature before the
addition of 1-2 pl of 6.0 % (v/v) H,O, per well. The reaction was monitored at low
magnification under a microscope. Upon completion, as seen by the appearance of a
brown reaction product, the reaction was stopped by PBS washes. The embryos were
then post-fixed in 4.0 % (w/v) PFA overnight at 4°C and washed in PBS at room
temperature. They were cleared through graded glycerol (AnalaR ®) solutions:

o 30 % (v/v) glycerol/PBS,

e 50 % (v/v) glycerol/PBS,
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e 70 % (v/v) glycerol/PBS until the embryos sink.
The embryos were stored in 70 % (v/v) glycerol/PBS at 4°C ready for observation,

dissection and microscopy.

Variation of the antibody protocol for anti-GFP antibody labelling
The blocking solution (incubation buffer) contained PBTriton, 10 % (v/v) normal goat
serum as well as 1.0 % (v/v) dimethyl sulfoxide (DMSO). The secondary antibody was

also diluted in incubation buffer.

2.2.2 Detection of Apoptotic Cells
Detection of apoptotic cells was carried out by the in situ terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labelling (TUNEL) assay (ApopTag in situ
Apoptosis Detection Kit-Peroxidase; Oncor, Inc.; Cole and Ross, 2001). Dechorionated
72 hpf embryos were fixed in 4.0 % (w/v) PFA in PBS for 1 hour at room temperature.
They were washed 3 x 5 min in PBS and stored in methanol at 4°C overnight. The
embryos were re-hydrated by washing:

e 5 min in 75 % (v/v) methanol/25 % (v/v) PBTween (1 X PBS in 0.1 %

(v/v) Tween-20),

® 5 min in 50 % (v/v) methanol/50 % (v/v) PBTween,

e 5 minin 25 % (v/v) methanol/75 % (v/v) PBTween,

e 3 x5 minin PBTween.
The embryos were permeabilised by proteinase K treatment (10 pug/ml in PBS) at room
temperature for 20 min, washed 2 x 5 min in PBTween and postfixed in 4.0 % (w/v)
PFA for 20 min at room temperature. Following 5 x 5 min washes in PBTween, the
embryos were postfixed in a prechilled solution of ethanol:acetone (2:1) at -20°C for 10

min and washed 3 x 5 min in PBTween at room temperature. The embryos were
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incubated for one hour at room temperature in 75 pl of equilibration buffer (provided in
the ApopTag kit). The equilibration buffer was removed and 17 pl working strength
TdT enzyme solution (Reaction buffer:TdT enzyme, 2:1; provided in the ApopTag kit)
in 0.3 % (v/v) PBTween added to the embryos which were incubated overnight at 37°C.
The reaction was stopped by washing the embryos in working strength stop/wash buffer
(1 ml stop/wash buffer added to 17 ml distilled water) for 3 hours at 37°C. The
embryos were then washed 3 x 5 min in PBTween, incubated in 4.0 % (v/v) BSA in
PBTween for at least one hour at room temperature to block non-specific
immunoreactivity and incubated in a 1:2000 dilution of preabsorbed sheep anti-
digoxigenin-alkaline phosphatase conjugated Fab fragments for 2 hours at room
temperature or overnight at 4°C. The antibody was removed and the embryos washed
several times with PBTween and equilibrated with 3 x 5 min washes in freshly prepared
NTMT buffer (0.1 M Tris-HCI (pH 9.5), 50 mM MgCl,, 0.1 M NaCl, 0.1 % (v/v)
Tween-20). The colour reaction was performed with 3.5 ul of 50 mg/ml X-phosphate in
dimethylformaldehyde and 4.5 ul of 75 mg/ml NBT in dimethylformamide in 1.0 ml
NTMT buffer in the dark for 15 min. The reaction was stopped with washes in
PBTween and embryos were fixed in 4.0 % (w/v) PFA for 30 min at room temperature
and washed in PBS. They were cleared through graded glycerol (AnalaR ®) solutions:

e 30 % (v/v) glycerol/PBS,

e 50 % (v/v) glycerol/PBS,

e 70 % (v/v) glycerol/PBS until the embryos sink.
The embryos were stored in 70 % (v/v) glycerol/PBS at 4°C ready for observation,

dissection and microscopy.
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2.2.3 Lipophilic Dye Labeling of the Retinotectal Projection

Three to five day old, PTU-treated larvae were fixed in 4.0 % (w/v) PFA at 4°C
overnight. Larvae were washed in 1 x PBS and placed on a large Petri dish against a
vertically positioned glass slide with watchmaker’s forceps. To prevent them from
drying out they were coated with 1 x PBS which also held them in position by surface
tension. The larvae were orientated under a dissecting microscope against the glass
slide with their trunk under the glass slide and their head sticking out ready for
injection. The tip of an injection needle was carefully broken off under a dissecting
microscope using watchmaker’s forceps. A micropipette was filled with 5 ul of 1.0 %
(v/v) Dil (1,1°-dioctadecyl-3,3,3°,3’-tetramethyl indocarbocyanine perchlorate or 1.0 %
(v/v) DiO (3,3’-dioctadecyl oxacarbocyanine perchlorate) (Molecular Probes) in
chloroform and the dye was dispensed into the needle. The needle was mounted in the
holder of a Narishige micromanipulator connected to a Picospritzer injection system and
brought down to the larvae at an angle. The embryo was injected intraocularly into the
gap between the retina and the lens. Each eye was filled with a different dye. Injected
larvae were placed in a 1.5 ml microcentrifuge tube filled with 0.5 ml of 1 x PBS and
left overnight at 4°C so that the dyes diffused within membranes by a passive process
which stained axons of retinal ganglion cells (Godement et al., 1987). Injected larvae

were mounted for confocal microscopy analysis as described in section 2.5.2.

224 Mounting of labelled embryos

Whole embryos were dissected in 70 % (v/v) glycerol to remove the yolk for flat
mounting and the skin and eyes to reveal internal labelling. Dissection was carried out
using a dissecting microscope (Nikon). Embryos were pinned to small Petri dishes
coated with Sylgard silicone elastomer (BDH®) with fine pins. Sharpened tungsten

needles and fine forceps were used to dissect the yolk sac and eyes. Embryos were
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mounted in wells formed by attaching layers of one to four 22 x 22 mm cover slips on
both ends of a 22 x 64 mm glass slide with a drop of 70 % (v/v) glycerol. A long cover
slip was placed on top and the embryo viewed at high magnification. After microscopic

analysis, embryos were stored indefinitely in 70 % (v/v) glycerol at 4°C.

2.24.1 Differential Interference Contrast (DIC) microscopy, photography
and image analysis

Labelled, dissected whole-mount embryos were analysed and photographed at 10x or

20x magnification using either a dissecting microscope (Nikon) or compound

microscope (Nikon) coupled to a digital camera (Polaroid). Live embryos were

anaesthetised in 0.02 % (w/v) tricaine and analysed and photographed using the

dissecting microscope (Nikon). Images were compiled and labelled using Adobe

Photoshop software (Adobe, version 5.5).

2.24.2 Confocal microscopy

Larvae were dissected by removing the yolk and trunk and mounted by embedding in
1.0 % (w/v) low melting point temperature agarose in PBS and placed in a glass ring
(Fisher®) fixed with Vaseline on a glass slide. They were orientated dorsal side up.
Mounted larvae were covered with distilled water before being placed under water
immersion lenses and analysed using a Leica DMRE fluorescence microscope and a
Leica DMLFS fluorescence microscope with a TCS SP confocal head and TCSNT
software. Images were compiled and labelled using Adobe Photoshop software (Adobe

version 5.5).
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2.2.5 DNA techniques

2.2.5.1 DNA extraction from single zebrafish embryos

Embryos were dechorionated, placed individually into wells of a 96 well plate and
stored in 100 % (v/v) methanol at -70°C. Prior to DNA extraction, as much methanol as
possible was removed from the wells. All incubation steps were carried out on a PCR
machine. The plates were incubated at 50°C for 10 min to remove any residual
methanol. Fifty ul of embryo lysis buffer was added to each well and the embryos
incubated at 98°C for 10 min to lyse the cells and then quenched on ice. Five ul of
proteinase K (10 mg/ml) was added to each well to remove proteins and the embryos
incubated overnight at 55°C. Proteinase K was deactivated by incubating the embryos
at 98°C for 10 min. After quenching on ice, the lysed embryo debris was centrifuged at
4, 000 rpm for 10 min and the supernatant from each embryo preparation drawn off into
a clean 96 well plate. The final concentration of each sample was approximately 50

ng/ul. The samples were stored at -70°C and diluted as necessary before use.

Table 2.1A Monorail™*** mutant and sibling DNA plates

Single embryo genomic DNA plates from Tiibingen

Plate Family/Cross Contents

*T1461 34 48 Muts, 48 Sibs

*T1462 34 48 Muts, 48 Sibs
T2081 34 48 Muts, 48 Sibs
T2090 1718 48 Muts, 48 Sibs
T2089 1718 48 Muts, 48 Sibs
T2084 12 48 Muts, 48 Sibs
T2085 78 48 Muts, 48 Sibs
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T2086 1314 48 Muts, 48 Sibs
T2087 1516 48 Muts, 48 Sibs
T2088 1516 48 Muts, 48 Sibs
Parental DNA:
Monorail 1384 and 1382

WIK 1473 and 1471

Single embryo genomic DNA plates prepared at UCL

Plate Contents
1 60 Sibs
2 48 Muts, 48 Sibs
3 48 Muts, 48 Sibs
4 48 Muts, 48 Sibs
5 36 Muts, 60 Sibs
6 96 Sibs
7 96 Sibs

Table 2.1B Skrink"' mutant and sibling DNA plates

Single embryo genomic DNA plates prepared at UCL

Plate Contents

1 48 Muts, 48 Sibs
2 96 Muts

3 96 Sibs

4 96 Sibs

5 72 Muts

6 96 Sibs

7 96 Sibs
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Table 2.1C Otter'™® mutant and sibling DNA plates

Single embryo genomic DNA plates prepared in Tiibingen

Plate Family/Cross
T1047 34
T1180 12
T1180 12
T1466 12

Contents
48 Muts, 48 Sibs
48 Muts, 48 Sibs
48 Muts, 48 Sibs

48 Muts, 48 Sibs

Single embryo genomic DNA piates prepared at UCL

Plate Contents
1 48 Muts, 48 Sibs
2 48 Muts, 48 Sibs
3 48 Muts, 48 Sibs
Parental DNA:
Otter 763
WIK 329

Table 2.1D Eisspalte””’

® mutant and sibling DNA plates

Single embryo genomic DNA plates prepared in Tiibingen

Plate

T1465
T1465
T1464
T1463
T1465
T1463

T1464

Family/Cross

12

12

34

78

12

78

34

Contents
48 Muts, 48 Sibs
48 Muts, 48 Sibs
48 Muts, 48 Sibs
48 Muts, 48 Sibs
48 Muts, 48 Sibs
48 Muts, 48 Sibs

48 Muts, 48 Sibs
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T1463 78 48 Muts, 48 Sibs
T1465 12 48 Muts, 48 Sibs
T1463 78 48 Muts, 48 Sibs

Single embryo genomic DNA plates sent from Tiibingen

Plate Family/Cross ~ Contents
T2080 12 48 Muts, 48 Sibs
Parental DNA:

FEisspalte 1,2,3, 4 and 33

WIK 770

Single embryo genomic DNA plates prepared at UCL

Plate Contents
1 48 Muts, 48 Sibs
2 72 Muts, 24 Sibs
3 72 Muts, 24 Sibs
4 60 Muts, 36 Sibs
5 72 Muts, 24 Sibs
6 84 Muts, 12 Sibs
7 96 Sibs
8 96 Sibs
9 60 Muts

KEY:

Muts- mutants in tup longfin background

Sibs- siblings

WIK- wild-type strain

*-. DNA plates I prepared in Tiibingen, sent to UCL

92



2. Materials and Methods

2.2.5.2 DNA extraction from zebrafish finclips

Finclips were stored at -70°C until needed for use. Each finclip was cut into small
pieces and transferred to a 1.5 ml microcentrifuge tube before the addition of 500 ul of
disruption buffer. The tissue was homogenized using an autoclaved pellet homogeniser.
Twenty-five ul of proteinase K (20 mg/ml) was added to the sample, which was then
incubated ovemight in a 55°C water bath. Five hundred pl of phenol/
chloroform/isoamylalcohol (25:24:1; pH 7.5) was added to the sample, which was then
inverted several times for 1 min and centrifuged at 12, 000 x g for 5 min. The
supernatant was transferred to a fresh 1.5 ml microcentrifuge tube before the addition of
an equal volume of phenol (pH 7.5). The sample was inverted several times for 1 min
and centrifuged at 12, 000 x g for 5 min. The supernatant was transferred to a fresh 1.5
ml microcentrifuge tube before the addition of an equal volume of
chloroform/isoamylalcohol (24:1). The sample was inverted several times for 1 min
and centrifuged at 12, 000 x g for 1 min. The supernatant was transferred to a fresh 1.5
ml microcentrifuge tube before the addition of 0.1 vols. 3.0 M sodium acetate (pH 5.2)
and 2 vols. 100 % (v/v) cold ethanol. The sample was mixed up and down for 1 min
and centrifuged at 12, 000 x g for 1 min. The precipitated DNA was then washed with
1000 ul of 70 % (v/v) ethanol and dried on a PCR machine at 60°C for 5 min. The
DNA was resuspended in 250 pl of TE (pH 8.0) and left to rotate and mix overnight.
The optical density of the suspension was measured on a spectrophotometer and this
value was used to calculate the DNA concentration of the sample (section 2.2.1.2),

which was subsequently stored at -70°C.
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2.2.5.3 Quantification of Nucleic Acid samples

DNA samples were quantified using a spectrophotometer (model M302; Camspec®)

at absorbances of 260 nm (Az60) and 280 nm (Ajsg). Five pl of the concentrated nucleic

acid sample was added to 95 pl of distilled water in a cuvette. Three readings were

taken per sample at the two wavelengths and compared to a reference reading obtained

from a sample of distilled water alone. The average reading for each sample was

obtained and the purity of the nucleic acid preparation determined by calculating the

ratio of the average absorbance at 260 nm to the average absorbance at 280 nm. The

expected ratio (Ajeo:Azs0) was in the range of 1.7 - 1.9, as determined for pure DNA.
Concentration of DNA = Ay x dilution factor x 50

(For double stranded DNA, an absorbance ratio of 1.0 is equivalent to 50 pg/mt)

Concentration of RNA = Ay x dilution factor x 40
Purity of sample = Ajeo/Azso

2.2.5.4 Polymerase Chain Reaction (PCR)

The Tag DNA Polymerase (recombinant) kit (Invitrogen®) contained:

10 X PCR buffer (200 mM Tris-HC1 (pH 8.4), 500 mM KCl),

50 mM of magnesium chloride,

500 units of 7ag DNA Polymerase.

Amplification of single embryb genomic DNA using microsatellite markers

A 25 pl reaction mix containing the following components was made up in a sterile 1.5

ml microcentrifuge tube on ice:

PCR component Volume per reaction /ul Final concentration
10 X PCR buffer 25 1.0X
50 mM MgCl, 0.75 1.5 mM
dNTP Mix 0.5 0.2 mM each
(10mM of each ANTP)
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DMSO 2.5 10 % (v/v)
Sense primer (20 uM) 1.0 0.8 uM
Antisense primer (20 uM) 1.0 0.8 uM

Taq DNA Polymerase (5 U/ul) 0.2 1.0 unit
Distilled water added to achieve a final reaction volume of 25 pl

A master mix was prepared for multiple reactions to minimise pipetting errors and
reagent loss. The master mix reaction was vortexed and centrifuged at 12, 000 x g for 1
min to collect the contents to the bottom.

Two pl of single embryo mutant or sibling genomic template DNA (50 ng/ml) was
placed in a well of a 96 well plate and 25 pl of master mix reaction added to each
sample. Each sample was overlaid with a drop of mineral oil, the plate was sealed with
a pre-cut transparent microplate sealer (Greiner Labortechnik®) and placed in a PCR
machine (OmniGene, Hybaid®). The amplification program used was as follows:

36 cycles of:
o denaturation at 94°C for2 min 30 s
e annealing at 60°C for 1 min
o extension at 72°C for 30 s
1 cycle of:
e extension at 72°C for 5 min
The amplified products were stored at 4°C until use. Five ul of 10 X gel loading dye
was added to each reaction. Fifteen ul of the reaction was loaded on a 3.5 % (w/v)
agarose gel. Five pl of 1 kb molecular weight ladder (Gibco BRL®) was loaded
alongside the samples. The samples were run by agarose gel electrophoresis at 200 V

for 2 hours and visualised using a UV transilluminator (Model 750-M; International

Biotechnologies®™).
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Amplification of gene fragments from single embryo genomic DNA or cloned
cDNA using gene specific primers

Gene specific primers were designed using the program PRIMER. They were generally
21 bp in length, had a GC content of 50 % and a C or G bp at the 3’ end. These primers
were purchased from Invitrogen® (unlabelled primers) and MWG-BioTECH® (labelled
primers). They were resuspended in an appropriate volume of distilled water and stored
at -20°C until needed.

The PCR components were the same as those described in the amplification section
above using microsatellite markers except that gene specific primers were used instead
at a concentration of 50 nmoles. The annealing temperature and extension time of the
PCR reaction varied for each primer pair depending on their melting temperature and

expected product size respectively.

Five ul of the reaction product was run on a 2.0 % (w/v) agarose gel. If optimal
reaction conditions had been achieved, the rest of the product was purified and used in
sequencing, restriction digestion and/or genescan experiments.

Optimisation of reaction conditions

Varying the MgCl, concentration and annealing temperature achieved optimal reaction
conditions for each primer pair.

Some reactions were optimised using a PCR optimisation kit (Invitrogen®), which
contained PCR buffers with varying MgCl, concentrations and pH values.

2.2.5.5. Purification Techniques

After PCR amplification, the reaction product was purified to remove contaminants that
affect restriction enzyme digestion or sequencing reaction specificity. Contaminants

include other types of DNA, nucleases, salts and inhibitors of restriction enzymes such
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as DMSO. The purification procedures were followed according to the manufacturer’s
speciﬁcations.l

Microcon PCR purification (Amicon®)

Fresh PCR product was transferred to a vial placed in a collection tube and centrifuged
at 500 x g for 15 min. The vial was inverted, placed into a fresh collection tube and
centrifuged at 1000 x g for 3 min. An aliquot of the purified product was thenrun on a
2.0 % (w/v) agarose gel to confirm purification of the product had been achieved and to
determine the volume needed to use for further analysis.

Purification kit (GibcoBRL®)

Fresh PCR product was added to 400 ul of binding solution H1 (concentrated
guanidine hydrochloride, EDTA, Tris-HCI, isopropanol). The solution was vortexed,
transferred to a spin cartridge in a labelled wash tube, incubated at room temperature
for 1 min and centrifuged at 12, 000 x g for 1 min. The outflow was discarded and
700 pl of wash buffer H2 (NaCl, EDTA, Tris-HCl) added to the cartridge; containing
the bound product and centrifuged at 12, 000 x g for 1 min. Residual wash buffer was
removed by centrifuging for 1 min and the outflow discarded. Thirty ul of pre-
warmed TE was added to the cartridge and incubated for 5 min at room temperature.
The eluted, purified product was centrifuged at 12, 000 x g for 1 min and 5.0 pl

visualised on a 2.0 % (w/v) agarose gel.

Gel Extraction kit (GibcoBRL®)

The correct sized product band was excised from the agarose gel under a UV
transilluminator using a sterile scalpel blade and placed into a microcentrifuge tube.

The gel splice was weighed and the appropriate volume of gel dissolving buffer L1
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(concentrated sodium perchlorate, sodium acetate, TBE solubiliser) added to it (30 ul of
L1 for every 10 mg of gel). The tube containing the gel and buffer L1 was incubated at
50°C and occasionally mixed until the gel had totally dissolved. The dissolved gel was
transferred to a binding column in a collecting tube and centrifuged at 12, 000 x g for 1
min. The outflow was discarded and 700 pl of buffer L2 (NaCl, EDTA, Tris-HCI)
added to the column containing the bound sample. Following 5 min of incubation at
room temperature, the sample was centrifuged twice for 1 min and the outflow
discarded. The column was transferred to a microcentrifuge tube and 30 pl of pre-
warmed TE added to elute the DNA. The sample was incubated for 5 min at room
temperature, centrifuged at 12, 000 x g for 1 min and 5 ul of it was then visualised on a
2.0 % (w/v) agarose gel.

Purification of products extracted from agarose gels

After RT-PCR, the correct sized product band was excised from a 0.8 % (w/v) agarose
gel and transferred to a nebuliser (Amicon®). The sample was centrifuged at 12, 000 x
g for 5 min and 4 pl of the purified product was used in the TOPO® cloning reaction
(section 2.2.6.4).

2.2.5.6. Restriction Digestion

The following restriction endonucleases and buffers were purchased from New
England BioLabs® and stored at -20°C:

e Bfal(buffer 4)

e FEcoR I (buffer EcoRI)

e HpyCh4 V (buffer 4)

e Xbal (buffer 2)
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Restriction enzyme buffer components were as follows:

Buffer EcoRI (50 mM NaCl, 100 mM Tris-HCl, 10 mM MgCl,, 0.025 % Triton X-100
(pH 7.5).

Buffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl,, 1 mM dithiothreitol (pH 7.9),

BSA (100 pg/mi).

Buffer 4 (50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1

mM dithiothreitol (pH 7.9).

A 15 pl reaction mix containing the following components was made up in a
sterile 1.5 ml microcentrifuge tube on ice:
o 5 pl of genomic DNA amplified product
o 10 X Buffer
¢ 10 units of restriction enzyme
made up to 15 pul with distilled water
The reaction mix was incubated at 37°C for at least 1 hour. One and a half ul of 10 X
gel loading dye was added to the reaction mix and 5 ul of this was run on a 2.5 % (w/v)
agarose gel for 30 min at 130 V, visualised on a UV-transilluminator and analysed by
genescan (section 2.2.5.7).
2.2.5.7. Genescan analysis
The genescan plates (ABI®) were washed using Alconox® detergent and hot water,
rinsed with distilled water and left to air dry. They were assembled with spacers and
clamped on either side with bulldog clips.
The gel solution was made up in a 100 ml beaker and consisted of 32 ml of
Sequagel-6 acrylamide solution, 8 ml of Sequagel-6 buffer (National Diag1105tics®) and

300 pl of 10 % (w/v) APS. After mixing, the solution was taken up into a 25 ml syringe
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(Terumo®) and poured between the two plates, which were tapped to ensure that the gel
spread evenly and no air bubbles became trapped between them. Once the gel mixture
had reached the bottom of the plates and no air bubbles were visible, a well-forming
spacer was inserted between the plates and clamped with bulldog clips. The gel was left
to set for two hours.

The clamps and well-forming spacer were removed and the plates cleaned with
distilled water before being placed into the electrophoresis chamber. The plates were
clamped in place before ABI instrumentation was set on plate check mode. Where the
plate quality was sub-optimal, the laser-scanning region was repeatedly cleaned with
distilled water until an optimal plate check was obtained. The buffer reservoir chamber
and the bottom of the electrophoresis chamber were filled with 1 X TBE.

The following components were made up in a sterile 0.5 ml microcentrifuge tube on ice:

e 1.5 pl of sample

e 3.5 ul of blue dextran loading buffer

e 0.5 ul of TAMRA-500 size standard (ABI®)

The sample mix was denatured at 95°C for 3 min and ‘snap chilled’ on ice before being
loaded and run on a 6.0 % (w/v) polyacrylamide gel for 5 hours. The traces were

analysed using Genescan and Genotyper software.

2.2.6 RNA techniques

2.2.6.1. Total RNA extraction from zebrafish embryos

Two day old, dechorionated, zebrafish embryos were separated into mutant and sibling
pools and transferred into separate labelled microcentrifuge tubes. Seven hundred and
fifty ul of TRIzoL®LS Reagent (mono-phasic solution of phenol and guanidine
isothiocyanate; GibcoBRL®) was added per 25 embryos. The embryos were

homogenised and incubated for 5 min at room temperature to allow the complete
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dissociation of nucleoprotein complexes before the addition of 200 ul of chloroform.
The tubes were shaken vigorously by hand for 15 s and incubated at room temperature
for 15 min. The samples were centrifuged at 12, 000 x g for 15 min at 4°C. The
aqueous phase, containing the RNA, was transferred to a clean tube. The RNA was
precipitated from the aqueous phase by mixing with 500 ul of isopropyl alcohol. The
samples were incubated at room temperature for 10 min and centrifuged at 12, 000 x g
for 10 min at 4°C. The RNA precipitate formed a gel-like pellet on the side and bottom
of the tube. The supernatant was removed; the RNA pellet was washed with 1000 pl of
75 % (v/v) ethanol and the sample vortexed and centrifuged at 7, 500 x g for 5 min at
4°C. The RNA pellet was air-dried for 10 min and dissolved in 20 ul of RNase-free
water. The RNA concentration was measured as described in section 2.2.1.2.
The following components were added to a 0.5 ml microcentrifuge tube on ice:

e 1.0plof 10 X MOPS

e 1.6 ul formaldehyde

e 3.0 ul RNA sample

¢ 5.0 ul formamide
The RNA sample solution was denatured at 68°C for 10 min and then placed on ice.
Ten % (v/v) RNA sample loading buffer was added to the RNA solution and the whole
sample was loaded onto a 1.0 % (w/v) RNA gel. The samples were run at 70 V for 3
hours. The gel was washed in distilled water for 30 min to remove formaldehyde,
stained in 0.5 pg/ml ethidium bromide for 15 min and de-stained in distilled water for 1-

3 hours.

101



2. Materials and Methods

2.2.6.2. First Strand ¢cDNA Synthesis (RT reaction)
The following components were added to a sterile 0.5 ml microcentrifuge tube:
e 7.0 ul total RNA
e 1.0 ul Oligo(dT) primer
e 4.0 pl DEPC-treated water
The RNA solution was incubated at 68°C for 10 min, placed on ice and the following
components added to it:
e 4.0 pl buffer containing DTT (Promega®)
e 2.0 pl of ANTP mix (10mM)
e 1.0 ul RNAase inhibitor (Promega®)
e 1.0 ul Murine Leukaemia Virus reverse transcriptase (Promega®)
The RT reaction mix was incubated at 42°C for 1.5 hours and stored at -20°C.

2.2.6.3. RT-PCR
A 20 pl reaction mix was made using the following components:
e 1.0 ul RT product
e 13.0 ul distilled water
e 2.0 pl of PCR buffer (10 X) containing MgCl, (22.5 mM) and detergents
(Roche®)
e 1.0 pl of sense primer (50 nmol)
e 1.0 pl of antisense primer (50 nmol)
e 1.0 ul of 10mM dNTP mix

e 0.75 pl Tag DNA polymerase (Roche®)
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The RT reaction mix was vortexed and amplified using the following PCR program:
40 cycles of:
¢ denaturation at 94°C for 5 min 30 s
e annealing at 53-60°C for 30 s (this temperature was optimised for each
primer pair)
¢ extension at 72°C for 1 min 30 s
1 cycle of:
¢ extension at 72°C for 7 min
The amplified products were stored at 4°C until use. Four ul of 10 X gel loading dye
was added to the PCR product. The entire 20 ul was loaded on a 0.8 % (w/v) agarose
gel. Five ul of 1 kb molecular weight ladder (Gibco BRL®) was loaded alongside the
samples. The samples were run by agarose gel electrophoresis at 100 V for 45 min and
visualised using a UV transilluminator (Model 750-M; International Biotechnologies
Inc.). The expected product band was excised from the agarose gel, purified (section
2.2.5.5) and cloned into the pCR® 2.1-TOPO® vector (section 2.2.6.4).
2.2.6.4. Cloning of RT-PCR products into pCR® 2.1-TOPO® vector
The following components were added to a sterile 0.5 ml microcentrifuge tube:
e 4.0 pl fresh purified PCR product
e 1.0 pl Salt solution (supplied in TOPO® cloning kit; Invitrogen®)
e 1.0 pl TOPO® vector (Invitrogen®)
The TOPO® cloning reaction was gently mixed and incubated at room temperature for
15 min and placed on ice. Two pl of the reaction was added to a vial of One Shot® E.
coli, mixed and incubated on ice for 30 min. The cells were heat-shocked at 42°C for
30 s. Two hundred and fifty pl of room temperature SOC medium was added to the

cells. Fifty pl from each transformation was spread onto LB plates containing X-Gal
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(20 mg/ml) IPTG (200 mg/ml) and ampicillin (100 ng/ml). The plates were incubated
overnight at 37°C. Single white colonies were picked and incubated in LB broth
containing ampicillin (100 ng/ml) at 37°C on a shaker for 12 hours and then stored at
4°C. The plasmids were purified using the Qiagen® Miniprep kit and analysed by
EcoRI restriction digestion to check for the presence of the insert and sequenced

(section 2.2.7).

2.2.7 Cycle Sequencing
The cycle sequencing reaction was carried out using the ABI PRISM™ Dye Terminator
Cycle Sequencing Ready Reaction Kit with AmpliTaq® DNA Polymerase, FS (ABI®)
on a Perkin Elmer Thermal Cycler. The following reagents were mixed in a 0.5 ml
microcentrifuge tube:

e 4l of Taq FS Terminator Ready Reaction Mix

e 3.2 pmol of primer

e 50-100 ng of purified PCR product
The reaction volume was made up to 20 pl with sterile distilled water, mixed and
overlaid with a drop of mineral oil.
The amplification conditions were 25 cycles of:

o denaturation at 96°C for 1 min

e annealing at 50°C for 15 s

e extension at 60°C for 4 min
The reaction was cooled to 4°C and stored on ice prior to ethanol precipitation of
samples.
The entire 20 ul reaction mixture was transferred to a sterile 0.5 ml microcentrifuge

tube that contained 50 ul of 95 % (v/v) ethanol and 2.0 ul of 3.0 M sodium acetate (pH
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5.2). The sample was mixed and placed on ice for 10 min before being centrifuged at
14, 000 x g for 30 min at 4°C. The supernatant was carefully removed to avoid
disturbing the pellet. The pellet was washed in 70 % (v/v) ethanol, dried at 85°C for 1
hour and stored at -20°C.

2.2.7.1. Sequencing gel and preparation of samples for loading

The glass sequencing plates (ABI®) were washed using Alconox® detergent and hot
water, rinsed with distilled water and left to air dry.

Sequencing gels were made by mixing 30 g of urea, 9.0 ml of 40 % (v/v)
acrylamide/bisacrylamide 19:1 (Bio-Rad®), 23 ml of distilled water and 0.5 g of
Amberlite bed resin in a beaker with a magnetic stirrer for one hour.

The dried plates were assembled on top of an inverted tip box covered with tissue paper.
The solid rectangle plate was first placed on the tip box stand and the relevant gel
thickness spacers were placed on either of the long sides of the plate. The second plate,
which had a well forming indentation at one end of its short side, was placed on top of
the spacers and the two plates were clamped together with six bulldog clips evenly
spaced on the opposite long sides of the plate.

Prior to adding the gel mixture to the vacuum suction filtration apparatus
(NALGENE®), 6.0 ml of 10 X TBE was first passed through the filter. Before pouring,
300 pl of 10 % (w/v) APS and 30 ul of TEMED (BDH®) were added to the degassed
gel mixture, which was then gently swirled and taken up into a 25 ml syringe
(Terumo®).

The gel mixture was poured into the indented side between the two plates, which were
tapped to ensure that the gel spread evenly and no air bubbles became trapped between

them. Once the gel mixture had reached the bottom of the plates and no air bubbles
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were visible, a well-forming spacer was inserted between the plates and clamped with
three bulldog clips. The gel was left to set for a minimum of two hours.

The clamps and well-forming spacer were removed from the plates containing the set
gel. The plates were cleaned thoroughly with distilled water before being placed into
the electrophoresis chamber of the ABI 373A sequencer. The plates were clamped in
place before ABI instrumentation was set on plate check mode. Where the plate quality
was sub-optimal, the laser-scanning region was repeatedly cleaned with distilled water
until an optimal plate check was obtained. A cooling plate and buffer reservoir chamber
were attached to the assembled plates. The buffer reservoir chamber and the bottom of
the electrophoresis chamber were filled with 1 X TBE and the gel was pre-run for one
hour prior to the addition of the samples.

Purified sample pellets were suspended in an appropriate volume of dextran blue

loading buffer and denatured at 95°C for 2 min on a PCR machine.

Number of wells Blue dextran loading buffer per sample (ul)
24 4.0
36 3.0
48 2.0
64 1.0

They were immediately ‘snap chilled’ on ice prior to loading onto a 6.0 % (w/v)
denaturing acrylamide gel. Vertical electrophoresis of the samples in the gel was
performed on an ABI 373A sequencer at constant 30 Watts in 1 X TBE for 12 hours.
The trace sequence was analysed using ABI PRISM software. The sequences were

analysed using Sequence Navigator software.
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2.2.8 Protein techniques

2.2.8.1. Protein extraction from zebrafish embryos

Two to three day old live dechorionated embryos were anaesthetised in 0.02 % (w/v)
tricaine and pinned to small Petri dishes coated with Sylgard silicone elastomer (BDH®)
with fine pins. Sharpened tungsten needles and fine forceps were used to dissect the
yolk sac as it contains the protein vitellogenin that retards migration of proteins on an
SDS gel. The de-yolked embryos were transferred to a 1.5 ml microcentrifuge tube and
15 wl of 2 X SDS sample buffer was added per 10 embryos. The sample was
homogenised, using an autoclaved pellet homogeniser, until uniform in consistency and
incubated at 95°C for 5 min. The sample was centrifuged at 14, 000 x g for 5 min and
the supernatant removed and stored at -20°C or denatured and run on a gel (section
2.2.8.3).

2.2.8.2. Protein extraction from zebrafish liver

A sample of zebrafish liver was crudely chopped with a scalpel blade, 1.0 ml of protein
extraction buffer added to it and homogenised using an autoclaved pellet homogeniser.
The sample was sonicated 3 to 4 times for 5 seconds and the crude extract centrifuged
(Sorvall JA-21 Centrifuge, Beckman®) at 33, 000 x g for 30 min at 4°C to remove the
solid debris. The supernatant was then removed, made up in a 1:1 ratio with 2 X SDS
sample buffer, stored at -20°C or denatured and run on a gel (section 2.2.8.3).

2.2.8.3. Preparation of SDS-PAGE gels

The glass plates and spacers of the minigel apparatus (Bio-Rad®) were washed with hot
soapy water, 95 % (v/v) ethanol and distilled water and left to air dry. They were
assembled and aligned in the clamp, which was then tightened on the casting stand.

The resolving gel mixture was poured into the glass plate sandwich up to about 6 cm

from the bottom using a Pasteur pipette. The gel mixture was overlaid with water-
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saturated isobutanol to exclude oxygen from the surface and left to polymerise for 45
min. The isobutanol was drained off and the gel surface rinsed with distilled water and
dried using filter paper. The stacking gel mixture was poured onto the set resolving gel
and a well-forming Teflon comb inserted, making sure that no air bubbles were trapped
beneath it. The well positions were marked on the glass plate, and the gel left to
polymerise for 45 min. After the stacking gel had polymerised, the comb was removed
and the wells were rinsed with distilled water to remove any unpolymerised acrylamide.
Sample preparation, loading and SDS-PAGE electrophoresis

Ten pl of the protein samples (50-100 ug) from zebrafish embryos and liver, containing
2 X SDS sample buffer, were denatured at 98°C for 10 min to break the disulphide
bonds, cooled to room temperature and centrifuged for 5 min to remove insoluble
materials and avoid protein streaking during gel electrophoresis. A positive control
(human hepatoblastoma cell lysate, HepG2; Santa Cruz®) sample containing SDS
sample buffer was also denatured and loaded onto the gel. In order to determine the
molecular weight of the samples, proteins of known molecular weight (low range
prestained SDS page molecular weight standards; Bio-Rad®) containing SDS sample
buffer were also denatured and loaded onto the gel. The remaining samples, positive
control and molecular weight standards were stored at -20°C.

The gel electrophoresis apparatus (Bio-Rad®) was set up according to the
manufacturer’s instructions. Running buffer (1 X) was added to the lower and upper
reservoirs of the electrophoresis apparatus and any air bubbles removed from the wells.
The supernatants from the centrifuged samples, positive control and prestained SDS
page standards were collected and loaded into the wells using a Hamilton microlitre

syringe, which was rinsed in 1 X running buffer between each load. The electrophoresis
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apparatus was connected to the power pack and the gel run at 100 V until the dye front
reached about 1.0 cm from the bottom of the gel (2-3 hours).

Staining the polyacrylamide gel with Coomassie blue

Immediately after electrophoresis, the gel was stained in Coomassie blue staining
solution at room temperature with gentle agitation overnight. After staining, the
staining solution was poured off and destaining solution added. The gel was left in
destaining solution at room temperature with gentle agitation for several hours. The
destaining solution was replaced with fresh destaining solution hourly until the gel
background was clear. The destaining solution was poured off and the gel was rinsed
and stored in distilled water at room temperature.

Drying the polyacrylamide gel

A gel drying kit (Promega®) containing cellulose films and drying frames was used to
dry the gel. The gel that had been destained and stored in distilled water was placed
between two moistened sheets of clear cellulose film. Air bubbles were removed as
they caused cracking of the gel during drying. The edges and sides of the cellulose
films containing the gel were pulled over and clamped to the frames. The frame
assembly was placed in a horizontal position and dried overnight at room temperature.
2.2.84. Western blotting (Towbin et al., 1979)

Transfer of proteins from the gel to the nitrocellulose membrane

Six pieces of filter paper (Whatman®) and a piece of nitrocellulose membrane
(Schleicher and Schuell®) were cut to the size of the gel and soaked in transfer buffer
together with the gel for 5 min. A corner of the gel was cut off to mark its orientation.
The membrane was placed on top of the gel and these were sandwiched between three
pieces of filter paper on either side. Trapped air bubbles between the layers were

removed by gently rolling a pipette over the surface of the top piece of filter paper. The
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semi dry transfer apparatus was assembled according to the manufacturer’s instructions
and a current of 130 mA applied for 40 min. The membrane was placed in Ponceau S
staining solution and the gel in Coomassie blue staining solution to ensure successful
transfer of proteins.

Immunostaining

The membrane was rinsed in transfer buffer and incubated in excess blocking buffer for
a minimum of 1 hour at room temperature to saturate non-specific protein binding sites.
The membrane was rinsed in distilled water and incubated in primary antibody (HNF-
3B; Santa Cruz®) diluted 1:500 in 5.0 % (w/v) non-fat dried milk in PBS-Tween
overnight at 4°C with gentle agitation. The unreacted primary antibody was removed
by 3 x 5 min washes in excess PBS-Tween. The membrane was incubated in secondary
antibody (donkey anti-goat IgG-HRP; Santa Cruz®) diluted 1:500 in 5.0 % (w/v) non-
fat dried milk in TBS-Tween for 1 hour at room temperature with gentle agitation.
Excess antibody was removed by 3 x 5 min washes in excess TBS-Tween and the
membrane rinsed in distilled water.

Detection

The bound secondary antibody was detected by incubating the membrane in pre-mixed
ECL reagent (1 part solution A : 1 part solution B; Santa Cruz@’) in the dark at room
temperature for 1 min. Excess ECL reagent was blotted off the membrane, which was
then placed face down on a piece of filter paper and wrapped in Saranwrap in an X-ray
cassette (Sterling Diagnostics®) and exposed to X-ray film (Kodak®) for between 5

seconds and S min and developed.
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3. The monorail mutant: Phenotypic characterisation
and genetic mapping

3.1 Phenotypic characterisation of monorail

The monorail®*** mutant was isolated from the 1996 Tiibingen mutagenesis screen and
identified by its curled down tail (Fig. 3.1) and lethality by 5 days post-fertilisation (Brand
et al., 1996). Monorail™** mutants have been analysed in a behavioural screen for
optokinetic/optomotor responses and the phenotype observed judged to be due to the
previous defects identified in brain development (Neuhauss ez al., 1999).

Morphologically, monorail embryos show an ‘indistinct’ floor plate with a reduced
width along the body axis (Brand ef al., 1996). The midline defect in monorail has been
further characterised by wholemount labelling of 48 hpf embryos with an antibody to
acetylated a-tubulin to reveal early axon pathways in the brain (Piperno and Fuller, 1985).
Axons of the medial longitudinal fascicles are disorganised and fused at the ventral
hindbrain midline in monorail (Fig. 3.2A). The position and size of the eyes and eye
projections were normal in monorail embryos (data not shown).

The axons of the fourth cranial nerve, the trochlear motor nucleus, normally grow
dorsally and across the dorsal midline before exiting the brain to innervate the eye muscles.
The trochlear motor nucleus is completely absent in monorail embryos (Fig. 3.4C), which
consequently lack a trochlear decussation (Fig. 3.2B).

The segmental organisation of the zebrafish hindbrain, characterised by rows of
radial glial fibers separating segment centres from their borders, is detected by using an
antibody to zrf-1 (Trevarrow et al., 1990; Fig. 3.3A). In monorail embryos, the number
and pattern of dorso-ventrally orientated glial bundles that are normally organised into two

transverse rows in each hindbrain segment is reduced and disrupted respectively (Figs.
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3.3A and B). In addition, some of these glial bundles occupy the floor plate, an area that is
normally devoid of cells and neurons. The elongate morphology of radial glial cells
viewed along their long axis gives the labelling its ‘speckled’ appearance (Fig. 3.3B).

To study the patterning of neurons adjacent to the floor plate in monorail, a GFP
transgene driven by is/et/ regulatory elements was crossed into the monorail line. This
transgene labels cranial motor neurons soon after their birth (Higashijima et a/. 2000). The
cranial motor neuron phenotype in mororail embryos is that the facial (cranial motor
nucleus VII) and oculomotor (cranial motor nucleus III) form a single nucleus at the
midline rather than bilateral pairs of nuclei (Figs. 3.4A and B). There is also a reduction in
the number of posterior trigeminal motor neurons (Vp) and the trochlear nucleus (IV) is
absent in monorail embryos (Figs. 3.4B and C), which consequently lack a trochlear
decussation (Fig. 3.2B). Further characterisation of the monorail mutant phenotype was

carried out by Dr William Norton (See Table 3.1).

3.2 Genetic mapping in monorail

The mol™** locus was mapped in F, offspring of a Tii x WIK reference cross (Rauch ef al.,
1997) with the use of simple sequence length polymorphic markers (Knapik et al., 1996)
on pools of 48 mutants and 48 siblings and localised to linkage group 17 between flanking
markers Z21703 and Z21194 (Table 3.2A and Figs. 3.5 and 3.7).

Linkages from the pools were confirmed and refined by genotyping single mutant
and sibling embryos (Table 3.2B). Five recombinants in 240 meioses were identified with
marker 221703 (Fig. 3.6) and 8 recombinants in 68 meioses with marker Z21194. Hence
the markers Z21703 and Z21194 are 2cM and 11cM away from monorail respectively
(Fig. 3.7). Radiation hybrid mapping placed foxA4/ and foxA2 (Strahle et al., 1997) in the
same mapping region as monorail and 0 recombination events were identified in 188

meioses with a marker in the fox42 gene (Fig. 3.7).
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3.1 Identification of monorail mutants

A)
WT mol

3Ah
30 h

Fig. 3.1 Lateral views of 30 hpf wild-type (A) and monorail (B) embryos showing a
curled down tail in monorail.
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3.2 Floor plate and axonogenesis defects in monorail

A) WT mol
II
2d tubulin 2d tubulin
B) mol
tubulin
W1 mol
2d tubulin 2d tubulin

Fig. 3.2 A) Ventral views of 48 hpf wild-type (left panel) and monorail (right panel)
embryos labelled with anti-acetylated tubulin. Monorail embryos show a variable reduction
in the width ofthe floor plate along the body axis as indicated by disorganisation and fusion
ofaxons ofthe medial longitudinal fascicles at the ventral hindbrain midline.

B) Dorsal view of a wholemount monorail embryo labelled with anti-acetylated tubulin (top
panel). Ventral views of 48 hpf wild-type (bottom left panel) and monorail (bottom right
panel) embryos labelled with anti-acetylated tubulin.  Arrows show the trochlear
decussation in wild-type and its absence in monorail embryos. PC; posterior commissure.
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3.3 Glial patterning defects in monorail

A)

WT mol
2d zrf1  2d zrf-1
WT mol
2d zrf1  Sd zrf1

mol

B)
2d tubulin

li

S i
Y%onbulig tubidir

Fig. 3.3 A) Ventral views of 48 hpf wild-type (top and bottom left panels) and monorail (top and
bottom right panels) embryos labelled with zrf-1. Anterior is to the left, bottom panel shows higher
magnification views of the floor plate in the hindbrain region. The arrow in the bottom left panel
shows the dorso-ventrally orientated glial bundles that are normally organised into two transverse rows
in each hindbrain segment. The segmental pattern of glial bundles is disrupted in monorail.

B) Lateral view of a wholemount monorail embryo labelled with anti-acetylated tubulin (top panel).
Ventral views of 48 hpf wild-type (bottom left panel) and monorail (bottom right panel) embryos
labelled with anti-acetylated tubulin, anterior is to the left. Arrows indicate the presence of glial fibers
in the floor plate in monorail and their absence in wild-type embryos.
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3.4 Monorail embryos show a cranial motor neuron phenotype

A)
B) WT mol
k p A
k VI {}1 VIl
m
2d Islet-IGFP 2d Islet-1 GFP
WT «Mf
v
y A}
A . A
s A v v
A VD L A Vp
M VA . Islet-1Gff i4d V « Islet-IGB
O wT mol
Vp
v v
2d Islet -1 GFP 2d Islet -1 GFP

Fig. 3.4 A) Ventral views showing GFP expression in cranial motor neurons in 48 hpf wild-type (left
panel) and monorail transgenic embryos (right panel). Cranial motor nerve VII, indicated by an arrowhead,
fonns a single nucleus at the midline in monorail rather than bilateral pairs of nuclei Anterior is to the
left. B) Ventral views of 48 hpf wild-type (left panel) and monorail embryos (right panel) labelled with
anti-GFP. Anterior arrowheads show fusion of the oculomotor nucleus (III), posterior arrowheads show
collapse of cranial nerve VII to the midline in monorail. Bottom panels show high magnification views of
the trigeminal (Va, Vp) and facial (VII) motor neurons. The posterior trigeminal neuron (Vp) cluster is
reduced in number and cranial nerve VII collapses to the midline in monorail. Anterior is to the left.

C) Lateral views of 48 hpf wild-type (left panel) and monorail embryos (right panel) labelled with anti-
GFP. Anterior arrowheads show loss of trochlear nucleus (IV), posterior arrowheads show a reduction of
posterior trigeminal neurons (Vp) in monorail.

*-location of oculomotor nucleus III (out ofthe plane of focus in this view).
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Table 3.1 Summary of phenotypic characterisation results for
the monorail™>* mutant

Phenotype Developmental Description
stage
Abnormal body shape 30 hpf Curled-down tail.
Reduced floor plate width 48 hpf Axons of the MLF are disorganised and
fused at the ventral hindbrain midline.
Disorgnised segmental 48 hpf The number and pattern of dorso-
pattern of hindbrain ventrally orientated glial bundles that
rhombomeres are normally organised into two
transverse rows in each hindbrain
segment is reduced and disrupted
Some glial fibers occupy the floor plate.
Floor plate cell 36 hpf Slightly enlarged floorplate cells with
morphology typical cuboidal morphology evident
along the entire axis of the CNS.
LFP cells are absent 36-48 hpf Expression of foxA and foxA2 is reduced
to a 1-3 cell wide row.
Gaps of expression appear in the
posterior midbrain and hindbrain and
reduced levels of expression in the
spinal cord.
Expression of MFP 14 somites- Reduced and patchy expression of shh,
regulatory genes is not 48 hpf twhh and foxA1 in the hindbrain.
maintained Reduced or absent expression further
caudally.
Failure of floor plate 36 hpf Expression of col241, mindin-1 and
differentiation despite the mindin-2 is severely reduced or absent
presence of floor plate in the spinal cord and reduced or patchy
cells further rostrally.
Midbrain and hindbrain 60 hpf Netrin-1 transcripts are absent from the
defect in floor plate most ventral CNS cells. Ectopic patches
maturation of expression are observed in ventricular
zone cells positioned more dorsally.
nk2.2 ventricular zone expression in the
hindbrain is more dorsally positioned.
Midbrain patterning defect 72 hpf Most tryptophan hydroxylase expressing
of the serotonergic Raphe cells are absent. The few remaining
nucleus neurons are located caudally within the
Raphe.
Midbrain commissural 48 hpf Lack of trochlear decussation.
defect
Midbrain and hindbrain 48 hpf The oculomotor and facial motor nuclei

cranial motor neuron
induction and patterning
defects

form a single nucleus at the midline
rather than bilateral pairs of nuclei, there
is a reduction in the number of posterior
trigeminal motor neurons and the
trochlear nucleus is absent.

Results boxed in rcd were carried out by Dr William Norton.
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3. The monorail mutant: Phenotypic characterisation and genetic mapping

Table 3.2 Genetic mapping of monorail (mol"***)
A) Rough mapping of mol™>**

Rough mapping localised monorail to linkage group (LG) 17
The following SSLPs were linked to mof*>?:

SSLP Mapping panel positions from top of LG 17
MGH /cM** T51/cR**  HS/cM**  LN54/cR**
79847 40.9 847.00 - —
215738 342 582.00 — —
722674 299 582.00 222 127.99

B) Fine mapping results from Tiibingen

SSLP Mapping panel positions from top of LG 17

MGH /cM** T51/cR**  HS/cM**  LN54/cR** MOP/cM**
79847 40.9 847.00 — — —
721490 15.1 476.00 74 95.33 15.1
73123 78.7 2170.00 — — 212.10
KEY:

MGH, HS and MOP- Meiotic mapping panels
T51 and LN54- Radiation hybrid mapping panels
**. Position of markers on mapping panel source: http://zfin.org
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3.5 Rough mapping of the monorail mutation

LN54 HS MOP T51 MGH
95.33 71490 7.40 71490 15.10 71490 476.00 71490 15.10 71490
29.90 722674
22.20 722674
722674 34.20 715738
582.00 715738
99.54 foxAI 30.10 83.50 foxAI
127.99 722674
847.00 79847 40.90 79847
255.10
333.51 foxA2 255.10 foxA2 165.00 foxA2 1717.00 foxA2
2170.0 73123 78.70 73123
(cR) (cM) (cM) (cR) (cM)

Fig. 3.5 Schematic diagram showing the position of SSLP markers used for rough mapping ofthe monorait ™ mutation and candidate fork head
genes in these regions on LG 17. Numbers in boxes to the left of each panel indicate the position of SSLP markers on each mapping panel
(Source: http://zfin.org). Fork head gene candidates are shown in red and boxed in blue. Linked SSLPs tested on pooled samples for rough
mapping are shown in green.
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3.6 721703 recombinants

— 506/517
396

—220

monorail mutants monorail siblings

Fig. 3.6 Genotype analysis of single embryo monorail mutants and siblings using the SSLP marker Z21703.

The lower band is the WIK allele that segregates with monorail, the upper band is the Tii allele.

One recombination event (R) in 42 meioses is shown.

* double recombinant or missorted individual (most likely to be missorted as the number of individuals genotyped is relatively small).
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Fig. 3.7 Schematic diagram showing fine mapping results for the monoraif* mutation using SSLPs from the MGH panel. The
corresponding position of these markers on the T51, HS, MOP and LN54 panels is showm in order to identify possible candidate
genes in regions showing tight linkage on LG 17. Polymorphic (linked) SSLPs are shoA\Ti in blue. Numbers in brackets indicate
recombination frequencies. A non-informative marker tested is shown in orange. Fork head gene candidates are shown in red.
A marker within thefoxA42 gene was tested and no recombinants were detected in 188 meioses (result from William Talbot).



3. The monorail mutant; Phenotypic characterisation and genetic mapping

3.7 Fine mapping of the monorail mutation

MGH T51 HS MOP LN54
r- 99.54
722 46/1
24.6 083 (46/188) 550.00 19.70 116.56
29.9 722674 (60/196)
582.00 22,20 127.99
34.2 715738 (43/194)
foxAl— 30.10 83.5
37.1 724008 (33/190)
39.2 723501 (8/32)
40. 731650 (7/28)
40.9 713557 (12/54) 847.00
49. 721703 (5/240)
721194 (8/68) 333.51
54.5 1553.00 365.77

7.14082 (1/48)

1717.00 —foxA2- 104.70 165.00
(0/188)
57.1 74053 (4/48) 107.100 376.63
75.2 74862 (9/52) 2136.00 125.30 426.12
Map units (cM) (cR) (cM) (cM) (cR)

121



4. The monorail mutant: Gene identification

4. The monorail mutant: Gene identification

Analysis of candidate genes mapping to the same region on linkage group 17 as
SSLPs showing strong linkage to monorail (Fig. 3.7, http://zfin.org/cgi-
bin/mapper_select.cgi), revealed two fork head domain genes foxA4l and foxA2
(Odenthal and Nisslein-Volhard, 1998), the expression patterns of which also
correlate with the monorail phenotype (Brand ef al., 1996). foxAl is expressed in the
medial floor plate and foxA2 is expressed in both medial and lateral floor plate cells of

the ventral neural tube (Odenthal and Niisslein-Volhard, 1998).

4.1 Mutational analysis of foxA1
The entire coding sequence of the fox4! gene (1284 bp) was sequenced in both
reverse and forward directions using internal primers (Table 9.2.1). The published
foxAl sequence (Fig. 4.1A) was compared to fox4! sequences from pooled monorail
and wild-type ¢cDNA to determine any alterations, which might encode a functionally
significant amino acid change. The base shown in red and indicated as region “*” is at
the start of a codon (CAG; glutamine). The monorail sequence showed a T i place
of the C at position 1032. This was observed in 8 out of 9 mutant pools tested.
However, 1 out of 9 mutant pools showed a C at position 1032. The wild-type
sequence showed a C at this position in 2 out of 8 pools tested but in 6 out of 8 pools,
a T was observed. This base change in the monorail sequence would lead to a change
from a glutamine344 to a stop codon.

However, on sequencing foxA! from pooled WT cDNA, differences were
detected in this sequence compared with the published sequence. Among these
differences were two single base insertions in the coding sequence before region ‘*’

which, if correct, would put base C1032 out of frame and at the end of a codon rather
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than the begmning aé previously thought (Fig. 4.1B). This meant that the difference
sometimes seen at base pair 1032 between mutants and WT and siblings no longer
changed glutamine344 to a stop codon. Hence this C-T transition represented a
polymorphism rather than a mutation and meant that instead this codon encoded
proline343 and remained unchanged (CCC in WT and monorail siblings compared
with CCT in mutants).

The revised foxAl coding sequence was deposited in GenBank;, Accession
number AY247950, Figs. 4.1B, C).

The gene foxAI 1s listed by ZFIN with reference to LocusLink entry 30541
(source: http://zfin.org/cgi-bin/webdriverTMIval=aa-markerview.apg&OID=7DB-
GENE-990415-78). The gene was found by the ensembl gene build (source:
http://www.ensembl.org/Danio_rerio/geneview?gene=ENSDARG00000019150). The
information 1s based on the genome assembly and the alignment of the original foxA1
sequence to it. There is no way to compare it with the revised foxA! sequence as i1t
does not turn up in the supporting evidence for the ensembl gene (source:
http://www.ensembl.org/Danio_rerio/exonview transcript=ENSDART00000022920
&db=core&showall=1). Current sequence information for both the original and
revised sequence can be retrieved from the following webpage
http://pre.ensembl.org/Danio_rerio/contigview?chr=17&ve_start=8588993&vc_end=
8688993&highlight=BLAST NEW:BLA 7hrEioW4b!!120040112.

Further experimentation and analysis is needed before the revised sequence of
JoxAl can be confirmed and completely compared to the original foxA! sequence.
Initially, a BAC clone containing this region can be identified and sequenced (see
http://pre.ensembl.org/Danio_rerio/cytoview?highlight=&chr=17&ve_start=8300000

&ve_end=9000000&x=45&y=13).
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4.2 Mutational analysis of foxA42
The second candidate gene, fox42, was then investigated by sequence analysis. In
order to identify possible mutations in fox42, RNA from pools of twenty 24 hpf
monorail and 20 wild-type embryos was reverse transcribed. The entire coding
sequence of the fox42 gene (1229 bp) was amplified by PCR using the following
forward and reverse primer respectively:
5’-TTCCAGGATGCTCGGTGCTGTCAAAATGG-3’
5’-GTCACAAGGTCCAAGAGAGTTTAGGAAG-3’
The PCR product was cloned into the TOPO® TA vector (Invitrogen®) for sequence
analysis. Automated fluorescent sequencing was carried out on an ABI 373A
sequencer. Internal foxA42 sequencing primers were designed (Table 9.2.2) and 17
monorail and 7 wild-type samples analysed. Sequence analysis was also carried out
on PCR products from single embryo genomic DNA from 5 monorail, 3 wild-type
and 9 monorail siblings.

A single base change was identified at position 676. This C676T transition
represents a Q166X mutation in the conserved fork head domain 1.e. a nonsense
mutation that changes a glutamine codon to a stop codon (Figs. 4.2A, B). It was
confirmed that this was the only consistent difference between the published fox42,
wild-type and mutant sequences (Fig. 4.3) and the only change that would alter an
amino acid. FoxA2 encoded by monorail displays a premature stop codon in the fork
head DNA binding domain (84 % of this domain is lost) resulting in complete
absence of transactivating domains II and Il and a carboxy terminally truncated
FoxA2 protein (Fig. 4.4).

The mutation was present in all monorail individuals tested in both the

forward and reverse direction. None of the 10 wild-type individuals analysed showed
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4. The monorail mutant: Gene identification

the mutation. The 9 monorail siblings tested were either wild-type or heterozygotes
(Fig. 4.2C). Hence it was concluded that foxA42 is the monorail gene.

To further confirm the presence of this change a PCR based test was devised.
The amplification created restriction site (ACRS) method (Halliosis ef al., 1989) is
based on the mtroduction of an artificial restriction site, using a modified primer
during the PCR, which creates a RFLP indicative of the studied mutation. This RFLP
i1s detected by a radiolabeled oligonucleotide probe, which is not related to the
mutation. One monorail, three monorail siblings, and one WT individual were
analysed with the restriction enzyme HpyCH4 V (Fig. 4.5).

The ACRS method was also tested on three monorail and two heterozygous
monorail sibling individuals and the resulting PCR product sizes were shown
quantitatively by the Genescan approach (Fig. 4.6). These results provide further
evidence that monorail encodes a mutation in foxA42.

According to cDNA sequence analysis, FoxA2 protein in monorail terminates
just after the start of the fork head DNA binding domain, situated at the carboxy
terminus. FoxA2 is the HNF-3f3 homologue in human and mouse. An HNF-3f3
antibody (Santa Cruz Biotechnology®) binding to a peptide at the carboxy terminus of
HNF-3[ protein was tested to show that in monorail mutants, HNF-3[3 protein should
not be detected. An HepG2 (human hepatoblastoma whole cell lysate) positive
control was tested and as expected, gave an HNF-3f-positive band (47 kDa), which
was also present in the wild-type extract lane but at a lower intensity. However, the
monorail protein extract gave an HNF-3-positive band of the same size. This result
1s possibly due to the antibody recognising a related Fork head protein in fish given

the large number of members in this transcription factor family (Fig. 4.7).
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4. The monorail mutant: Gene identification

4.1 Screening of the candidate genefoxAl

A) PublishedfoxAl inRNA sequence (GenBank Accession Number AF052250):

903 gga aaa agg tea gag gga aag aga gag cag tee age get egg get etc egg cca geg
G K R S E G K R E Q S S A R A L R P A

960 aea gae cag agg eaa ace cgt gea eat gga etc eag etc eat eae etc etc aaa eea gte
T D 0 RQ T R AHG L Q L HH LLKZPYV

1020 gte eag tee gee cag ttt gga cea eag gag egg gag eec eee aaa etc gga act gaa gag e
vV Q S A Q F G P Q EREUPUP KULGTE E

A

B) Revised wild-typefoxA4! mRNA sequence:

t
903 gga aaa agg tea gag gga aag aga gag cag tee age gge teg gge tet eeg N gae

G K R S E G K RE QS S G S G S P A S D

963  age aece age age aaa eee gtg eae atg gae tee age tee ate aee tee tea aae eag teg
S T S S K P VHMDS S S I TS S N Q S

1023 tee agt eeg eee agt ttg gae eae agg age ggg age tee gee aae teg gaa etg aag age

S S PP SL DHIRSG S S A N S E L K S
A

Fig. 4.1 Comparison of the published (A) and revised wild-type (B) sequence of
foxAl nucleotides.

The numbers indicate the position ofthe base at the beginning of'the line in relation to
the original published and revised coding sequence region respectively.

The changes indicated in the coding sequence above are in a region between X\Qfork
head domain and transactivating domain IL

The amino acid code is also shown. Region indicates the polymorphism site.

Blue arrows indicate two of the single base insertion sites in the revised foxA!
sequence. Base changes are shown in green.
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4. The monorail mutant; Gene identification

O

1 atgttgggeg cagtgaaaat ggaaggacac gaaactccag actggagcag ctactataat
61 gatgcacaag aggtctattc tcccatgacg aacagcagea tgaaccctgg getgagcetee
121 atgaataata tgaacagtta catgggcatg tccaccagtg ggaatatgac ttccagttct
181 ttcaacatgt cctatgcgaa cccagegete ggegeeggge tgageceggg caccatggee
241 gggatgccca ceggtggege catgaacggg atgggeggeg gagtgtegag catgggeact
301 gegetcagec cgtecaacct gaacgecatg acggetcage acagetceat gaacgegetg
361 aacccctaca ccagcatgag ccccaccatg agcetecatga cetacgegea geccaacctg
421 aaccgggeca gagacaacaa gactttcagg aggagttace cgecacgegaa geececctat
481 tectacatct cecteatcac aatggetate cagcaggeac ccageaaaat gettaccttg
541 agtgagattt accagtggat aatggacttg ttccectact accgtcagaa ccagcaaagg
601 tggcagaact ccatcaggca ctegttgteg ttcaacgact gettcgtcaa agtgtccagg
661 tcacccgaca agecgggaaa aggetectac tggaccetge accetgattc tgggaatatg
721 tttgagaatg getgttacct gecgaagacag aagcegcttta aatgcgacaa aaagttgece
781 gacggaaaaa ggtcagaggg aaagagagag cagtccageg getegggete tecggecage
841 gacagcacca geagcaaacc cgtgeacatg gactccagcet ccatcaccte ctcaaaccag
901 tegtccagtc cgeccagttt ggaccacagg agegggaget cegecaacte ggaactgaag
961 agcggtggee cgeaggtgea ceeggtetet acgteectgt cctegetgea ctetatggee
1021 cacgaatcec tgetgeacct caaaggagac ceccattact cettcaacca ceegttttee
1081 atcaataatt taatgtcttc ttcagagcaa cagcataaac tggaattgaa agcctacgaa
1141 caagegttge aatattecte ctacggcetca gggatgtett ccaatttgee catggecggg
1201 agagccagea tggacccttc ggeggettta gaggcectcett actaccaagg tgtgtattce
1261 aggcctgttc tcaatacate gtag

Fig. 4.1C Danio rerio foxAl revised mRNA coding sequence (Genbank Accession
number AY247950). The coding sequence is 1284 bp in length.

Source:
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide& val=29170618
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4.2 Screening of the candidate genefoxA2

I I

A) TCCAGCAATCACCCA TC CAGT AATCACCCA
Q Q S P Q STOP S P -
WT forward sequence monorail forward sequence
I I

GGTGATTGCTGGATG GGTG ATTACTGG ATG

B) s Q Q 1
WT reverse sequence monorail reverse sequence
|
GGNGATTNCTGGATG
9)

Q/Q |1

monorail sibling reverse sequence

Fig. 4.2 Electropherograms comparing the forward (A) and reverse (B and C) sequence of
foxA2 nucleotides 671-685 from wild-type, heterozygote monorail sibling and monorait™ cDNA.
The mutation Q166X in the monorail sequence is indicated by a red arrow. *, STOP codon.
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4.3 foxA2 sequence comparison

100 110 120 130 140

GACGGGCATG AGCGCAGCCC TGAGCCCTAC CATGAGCCCA ATGGCAGCGC

150 16
AAGCGCCCTC CATGAACGCC CTAACCTCGT

170 180

ACAGCAACAT GAACGCTATG

T GM S A A L S P T M SP M A A Q M N A L T S Y S N M NAM
Wild-type . GACGGGCATG AGCGCAGCCC TGAGCCCTAC CATGAGCCCA ATGGCAGCGC AAGCGCCCTC CATGAACGCC CTAACCTCGT ACAGCAACAT GAACGCTATG
T G M S A A L S P T M S P M A A Q A M N A L T S Y S N M N A M
Monorail —  GACGGGCATT ANCGCAGCCC TGAGCCCTAC CATGAGCCCA ATGGCAGCGC AAGCGCCCTC CATGAACGCC CTAACCTCGT ACAGCAACAT GAACGCTATG
T G 1 ? A A L S P T M S P M A A Q A M N A L T S Y S N M N A M
Monorail —  GACGGGCATG AGCGCAGCCC TGAGCCCTAC CATGAGCCCA ATGGCAGCGC AAGCGCCCTC CATGAACGCC CTAACCTCGT ACAGCAACAT GAACGCTATG
T GM S A A L S P T M SP M A A Q A M N A L T S Y S N M NAM
200 210 220 240 260 270 280 290
foxA2—  AGCCCTATGT ACGGCCAGTC GAACATAAAC AGATCGAGAG ATCCGAAGAC CTACCGCAGG AGCTACACTC ATGCCAAGCC CCCTTACTCG TACATTTCTC
S P M Y G Q S N 1 N R S R D P K T Y R S Y T H A K P P Y S Y 1 S
Wild-type — AGCCCTATGT NCGGCCAGTC GAACATAAAC AGATCGAGAG ATCCGAAGAC CTACCGCAGG AGCTACACTC ATGCCAAGCC CCCTTACTCG TACATTTCTC
s PM 2?2 G Q S NI N R SR D&©PZ KT YTRZ R S YT HAZK P P Y S Y I S
Monorail —— AGCCCTATGT TCGGCCAGTC GAACATAAAC AGATCGAGAG ATCCGAAGAC CTACCGCAGG AGCTACACTC ATGCCAAGCC CCCTTACTCG TACATTTCTC
s P M F G Q S N1 N R SR D©PZKT YURTU R S YT HAZKTU P P Y S Y I S
Monorail AGCCCTATGT ACGGCCAGTC GAACATAAAC AGATCGAGAG ATCCGAAGAC CTACCGCAGG AGCTACACTC ATGCCAAGCC CCCTTACTCG TACATTTCTC
S P M Y G Q S N I N R S R D P K T Y R S Y T H A K P P Y S Y 1 S
300 310 320 330 340
JoxA2. TAATAACCAT GGCCATCCAG CAATCACCCA GTAAGATGCT GACCCTTAGT GAGATTTAC
L 1 T M A1 Q Q S P S KMTIL T L S E 1 Y
Wild-type TAATAACCAT GGCCATCCAG CAATCACCCA GTAAGATGCT GACCCTTAGT GAGATTTAC
L I T M A I Q QS P S KMUL T L S E 1 Y
Monorail TAATAACCAT GGCCATCCAG TAATCACCCA GTAAGATGCT GACCCTTAGT GAGATTTAI
L I T M A1 Q * S P S K MZE T L S E I Y
Monorail TAATAACCAT GGCCATCCAG TAATCACCCA GTAAGATGCT GACCCTTAGT GAGATTTAC
L 1 T M A1 Q + S P S KMTL T L S E I Y
Q166X

Fig. 4.3 Alignment offox4A2 mRNA coding sequence region 456-714 bp in one wild-type and two monorail individuals.
This region surrounds the mutation site and is compared to the publishedfoxA42 sequence, GenBank Accession Number NM_130949.
The nucleotide sequence and one letter amino acid code are shown above. shows regions of identical sequence; * indicates a difference in sequence.
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4.4 Domain structure of FoxA2 in monorail

COOH

Codon: 151 161 246 409
A
GAA (Q)—PTAA (stop codon)
(WT) {monorait"""")

Fig. 4.4 Schematic illustration of the domain structure of FoxA2 protein. As indicated in red, FoxA2 encoded by monorait""
displays a premature stop codon in Wq fork head DNA binding domain (84 % of this domain is lost) resulting in complete absence of
transactivating domains II and III and a carboxy terminally truncated FoxA2 protein.

Key:
Transactivating domain IV fork head DNA binding domain

n Transactivating domain V Transactivating domain II

Transactivating domain 111

Source: Domain structure of FoxA2 protein from Odenthal ef ai, 1998 and NCBI; protein Accession number Q07342.
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4.5 foxA2 mutation confirmation

WT homozygous
monorail sibling

Fig. 4.5 HpyCW V restriction enzyme digest of wild-type (WT), monorail and
monorail sibling single embryo genomic DNA samples.

Genotypes are indicated by (wild-type), ‘“+/-’ (heterozygote monorail
sibling) and (mutant).

* 1kb DNA ladder

u/c; undigested PCR product; 339 bp

c; digested PCR product, 319 bp
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4.6 Genescan analysis

l‘F‘T' TT‘ :Tn »THD 3‘3]5‘
M M
Sibling u/c w monorail u/c
1-110 [3 A
M 30 Biutf
. 3000
Sibling cut monorail cut ‘,79010)
- . 33Co
Sibling u/c 2000 monorail u/c
12 251
. 400‘0
Sibling cut monorail cut 2000

t000

monorail u/c

Fig. 4.6 Genescan results of two monorail sibling (top panels)
and three monorail individuals (right panels). 3000

PCR product sizes are shown in boxes under the peaks. monorail cut 2000

342 68
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4.7 FoxA2 protein analysis

47

kDa

HepG2 wild-type monorail
positive control

Fig. 4.7 Western blot analysis of protein extracts from a monorail and wild-type embryo
with a polyclonal antibody against the carboxy terminus of HNF-3P of mouse origin.
HepG2; human hepatoblastoma whole cell lysate positive control.
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S. The shrink mutant: Phenotypic characterisation and
genetic mapping

5.1 Phenotypic characterisation

The mutant shrink”*' was isolated from the 1998 King’s College mutagenesis screen
(Corinne Houart, personal communication). Shrink embryos can be identified by their
curled up tail, relatively smaller eyes and head and thinner yolk tube extension
compared to their wild-type siblings. They also show substantial areas of cell death in
the head region by day 2 of development (Figs. 5.1 and 5.3A).

In wild-type embryos, commissures form a tightly fasciculated bundle of axons
due to the balance of attractive signals to the midline and inhibitory signals preventing
them from decussating at incorrect locations. Labelling of shrink embryos with anti-
tubulin antibody showed that post-optic commissural axon pathfinding errors occur in
shrink embryos;, the post-optic commissure is less fasciculated and axons extend
rostrally from the chiasm toward the anterior commissure (Fig. 5.2A).

In wild-type zebrafish, retinal ganglion cell axons form a crossed projection with
axons from one eye passing adjacent to axons from the other eye within the optic
chiasm and projecting to their target, the contralateral optic tectum in the dorsal
midbrain (Burrill and Easter, 1995). Retinal nerve préjections were visualised using dil
and diO dissolved in dimethylformamide and pressure injected into the eyes of fixed
larvae and analysed with a confocal microscope. In shrink embryos, retinal axons either
project into the opposite eye or anteriorly (Fig. 5.2B).

In situ terminal deoxynucleotidyl transferase (TdT)- mediated dUTP nick-end
labelling (TUNEL) is used to reveal the fragmented DNA of apoptotic cells during

development. The process of apoptotic cell death is essential to remove excess cells
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5. The shrink mutant: Phenotypic characterisation and genetic mapping

produced during normal development. However shrink embryos display a significant
increase in the number of apoptotic cells, beginning in the head region and spreading all
over the body by day 3 of development (Fig. 5.3).

The escape response of wild-type and shrink embryos to an external stimulus
was also analysed. An Axioplan 2 microscope (Zeiss) with DIC optics was used and
images were taken using the Open Lab program (Improvision®). A needle was used to
carefully poke embryos at the tail and observe their behaviour. Wild-type embryos
showed a rapid escape response, swimming relatively large distances away from the
source of the external stimulus. However shrink embryos were less motile than their
wild-type siblings and showed a delayed response to the extemnal stimulus, swimming

relatively short distances, often in abnormal circular movements (data not shown).

5.2 Genetic Mapping

The shrink”" locus was mapped in F; offspring of a Ti x WIK reference cross (Rauch
et al., 1997) using simple sequence length polymorphic markers (Knapik ef al., 1996,
Table 9.1.2) on pools of 48 mutants and 48 siblings to identify linkage. The mutation
was rough mapped by William Talbot and localised to LG 6, 6 ¢cM from SSLP marker
26767 and 3 cM from 712094 (Table 5.1). Fine mapping was carried out at UCL by
genotyping single mutant and sibling embryos with further SSLP markers (Fig. 5.4).
Four recombinants were identified in 52 meioses with marker Z14826. This result
places marker Z14826 a distance of 8cM away from shrink (Fig. 5.5A). A schematic
representation of Fig. 5.5A is shown as Z14826 was not used at its optimal PCR
reaction conditions and the product bands are difficult to interpret (Fig. 5.5B). The gene
jakl kinase (Conway et al., 1997) involved in early brain development, maps to the

same region on LG 6 as shrink and 1s therefore a candidate (Fig. 5.4).
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5. The shrink mutant: Phenotypic characterisation and genetic mapping

5.1 Identification of shrink mutants

A) B)
dk
2d
2d

Fig. 5.1 Lateral views of 48 hpf wild-type (A) and shrink (B) embryos showing a
curled up tail in shrink.
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5. The shrink mutant: Phenotypic characterisation and genetic mapping

5.2 Axonogenesis phenotype in shrink

A) shrink
POC
tubulin
WT shrink
B)
WT shrink

Fig. 5.2 A) Ventral views of48 hpfwild-type (left panel) and shrink (right panel) embryos labelled
with anti-acetylated tubulin showing defasciculation of the post-optic commissure (POC) in shrink
embryos. Anterior is to the top.

B) Ventral views of 5 day old wild-type (left panels) and shrink (right panels) embryos labelled
with dil (red) and diO (green) to reveal retinotectal projections. The retinal ganglion cell axons in
shrink embryos project to the opposite eye (white arrow, top right panel) or anteriorly (white arrow,
bottom right panel) rather than posteriorly to the contralateral optic tectum (left panels). Anterior is
to the right.
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5.3 Shrink embryos exhibit increased cell death

A)
e ~~ I
B)
WT Shrink
TUNEL 3d TUNEL

Fig. 5.3 A) Lateral views of 48 hpf wild-type (left panel) and shrink (right panel) embryos. Shrink
embryos exhibit cell death in the head, smaller eyes and head and a thinner yolk tube extension
(indicated by arrows) compared to wild-type embryos. Anterior is to the left.

B) Lateral views of 72 hpf wild-type (left panel) and shrink (right panel) embryos. Cell death is
visible all over the embryonic body at this stage in shArink and is confirmed by TUNEL labelling
(blue staining).
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5. The shrink mutant: Phenotypic characterisation and genetic mapping

Table 5.1 Genetic mapping of shrink (sikU‘")

Rough mapping localised shrink to 1inka§e group (LG) 6
The following SSLPs were linked to sit"" :

SSLP Mapping panel positions from top of LG 6
MGH /cM** T51/cR**  HS/cM**

76767 47.80 - 64.50

712094 49.00 1090.00 72.10

KEY:

MGH, HS and MOP- Meiotic mapping panels
T51- Radiation hybrid mapping panel
**_ Position of markers on mapping panel source: http://zfin.org
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5. The shrink mutant: Phenotypic characterisation and genetic mapping
5.4 Genetic mapping of the shrink mutation

MGH T51 LN54 HS
47.80 - 76767 (6/96) 64.50
49.00 Z1"0- (3/96) 1090.00 - 7210
jak 1 358.94 82.90

49.30 253452 (10/40)
51.30 710183 (8/40) 1123.00 399.15 90.80
53.60 - 214826 (4/52)

Map units: (¢cM) (cR) (cR) (cM)

Fig. 5.4 Schematic diagram showing the position of SSLP markers used for fine mapping of the shrink* mutation and a candidate gene in the region
(shown in red). The corresponding position of these markers on the T51, LN54 and HS panels is shown in order to identify possible candidate genes in
regions showing tight linkage on LG 6. Polymorphic (linked) SSLPs are shown in blue. Numbers in brackets indicate recombination frequencies.

The results for markers shown in orange are from Dr William Talbot.
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5. The shrink mutant: Phenotypic characterisation and genetic mapping

5.5 714826 recombinants

shrink WIKI shrink mutants shrink siblings
parents
B)
shrink WIK shrink mutants shrink siblings
parents

Fig. 5.5 A) Genotype analysis of single embryo shrink mutants and siblings using the SSLP
marker Z 14826.

The upper band is the WIK allele that segregates with shrink, the lower band is the Ti allele.
Two recombination events (R) in 18 meioses are shown.

* 1kb DNA ladder

B) A schematic representation of Fig. 5.5A.
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6. The otter and eisspailte mutants: Phenotypic characterisation and genetic mapping

6. Otter and eisspalte: Phenotypic characterisation and
genetic mapping

rta76b ty77e

The mutants otte and eisspalte were i1solated from the 1996 Tibingen

mutagenesis screen and grouped into a class of mutations affecting neurogenesis and

77 mutants have been analysed in a

early brain morphology (Jiang et al., 1996). Otte
behavioural screen for optokinetic/optomotor responses and the phenotype observed
judged to be due to the previous defects identified in brain development, degeneration
and retardation (Neuhauss et al., 1999). Eisspaltety77e mutants were also i1dentified in a
screen to isolate mutations disrupting the ordering and topographic mapping of axons in
the retinotectal projection of zebrafish (Trowe et al., 1996). The projection of retinal

axons onto the tectum in eisspalte was not affected but the size of the tecta were

siginificantly reduced (Trowe et al., 1996).

6.1 Otter

Further phenotypic characterisation of the offer mutant has revealed disrupted
development of the midbrain hindbrain boundary, cerebellum and brain ventricle
formation (Dr Jacqueline Hoyle, personal communication). Other defects i otter
embryos include defects in ear, jaw and heart development (Jiang et al., 1996).

Labelling of ofter embryos with acetylated tubulin antibody has shown
commissural axon pathfinding defects within the forebrain. The anterior and post-optic
commissures form thicker bundles compared to their wild-type siblings, axons cross
between the anterior and post-optic commissure and the optic nerve splits on exiting the
eye (Fig. 6.1).

The otter®® locus was mapped in F, offspring of a Tt x WIK reference cross

(Rauch et al., 1997) using simple sequence length polymorphic markers (Knapik et al.,
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6. The otter and eisspalte mutants: Phenotypic characterisation and genetic mapping

1996; Table 9.1.3) on pools of 48 mutants and 48 siblings to identify linkage to the
mutation. Ofter was localised to LG 14 and mapped to a region between SSLP markers
727043 and 75435 (Robert Geisler, personal communication; Table 6.1, Fig. 6.2).
Linkage was confirmed by genotyping single mutant and sibling embryos with further
SSLP markers in the region. Fifteen recombinants in 124 meioses were identified with
marker Z7030 and 3 recombinants in 28 meioses with marker Z5435. Hence markers
77030 and 75435 are 12cM and 11cM away from otfer respectively (Figs. 6.3 and 6.4).
Complementation studies have revealed that otter is allelic to motionless, a mutant
isolated from a screen for mutations affecting development of catecholaminergic
neurons in zebrafish (Guo et al., 1999b). Motionless maps between SSLP markers
73868 and 722094 on LG 14 and identification of candidates in this region is underway
(Su Guo, personal communication). The mapping results from the Guo lab place
markers Z3868 and 722094 at distances of 1.8cM and 0.3cM away from motionless

respectively (Fig. 6.3).

6.2 Eisspalte
The eisspalte mutant is identified by its curled down tail phenotype which is visible
from day 1 of development and although less severe at day 2, a significant difference
from the wild-type sibling is still observed (Fig. 6.5). Labelling with acetylated tubulin
antibody revealed commissural axon pathfinding defects in the forebrain of eisspalte
embryos. Specifically, the anterior commissure is less fasciculated than normal and the
optic nerve projects in different directions on exiting the eye (Fig. 6.6).

The eisspalte”’’® locus was mapped in F offspring of a Tt x WIK reference
cross (Rauch et al., 1997) using simple sequence length polymorphic markers (Knapik
et al., 1996) on pools of 48 mutants and 48 siblings. Eisspalte was rough mapped to a

region between SSLP markers 71226 and Z1801 on LG 14 (Robert Geisler, personal
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6. The otter and eisspalte mutants: Phenotypic charactenisation and genetic mapping

communication; T ables 6.2 and 9.1.4; Fig. 6.7). Linkage was confirmed by genotyping
single mutant and sibling embryos with further SSLP markers in the region. Seven
recombinants in 84 meioses were identified with marker Z9057 and 18 recombinants in
72 meioses with marker Z1226. Hence markers Z9057 and 71226 are 8¢M and 25¢cM

away from eisspalte respectively (Figs. 6.8 and 6.9).
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6. The otter and eisspalte mutants: Phenotypic characterisation and genetic mapping

6.1 Axonogenesis phenotype in otfer

A) B)

AC

Fig. 6.1 Ventral views of48 hpfwild-type (A) and otter (B) embryos labelled with anti-
acetylated tubulin. Commissural axons cross between anterior and post-optic
commissure in otter embryos, as indicated by * The optic nerve defasiculates as it
leaves the eye in otfer, as indicated by the arrow.

AC; anterior commissure, POC; post-optic commissure

Anterior is to the top.

145



6. The otter and eisspalte mutants: Phenotypic characterisation and genetic mapping

Table 6.1 Genetic mapping of otter (ott *’®)

Rough mapping localised ofter to linkage group LG) 14
The following SSLPs were linked to o/’

SSLP Mapping panel positions from top of LG 14

MGH /cM** T51/cR**  HS/cM**  LN54/cR** MOP/cM**
77043 10.50 117.00 7.30 — —
75435 34.60 336.00 30.90 258.54 36.60
71226 60.60 2667.00 102.20 — 175.60
KEY:

MGH, HS and MOP- Meiotic mapping panels

T51 and LN54- Radiation hybrid mapping panels

**. Position of markers on mapping panel source: http://zfin.org

Muts; mutants in tup longfin background, sibs; siblings, WIK; wild-type strain.

146


http://zfin.org

6. The otter and eisspalte mutants: Phenotypic characterisation and genetic mapping

6.2 Rough mapping of the otter mutation

M GH HS LN54 T51 MOP
77043
10.50 79857 117.00 77043
77043
7.30 - 75436
12,00 75436 128.00 75436 11.30 - 75436
71536
21.40 73259 18.20 - Z1536 275.00 - 21536
34.60 - 75435 30.90 75435 258.54 - - Z5435 336.00 75435 36.600 75435
58.30 722107 84.60 - - 722107 2551 00 - - 722107
Map units: (cM) > (eM) LJ (cR) LJ «r) U (cM)U

Fig. 6.2 Schematic diagram showing the position of SSLP markers used for rough mapping of the otter* mutation on LG 14. Numbers in
boxes to the left of each panel indicate the position of SSLP markers on each mapping panel (Source: http://zfm.org). Linked SSLPs tested on
pooled samples for rough mapping are shown in green.
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6.3 Fine mapping of the offer mutation

MGH HS LN54 T51 MOP
10.50 211513 (6/22)
125.00
12.00 220072 (19/60) 61
16.70 28873 (29/142) 7.30 113.72 157.00

212087 (29/132)

21.30

27.40 28435 (3/8) 20.90 176.69 314.00

32.90 27030(15/124) 220.85

34.60 25435 (3/28) 30.90 258.54 336.00 36.6
23868 (21/1200) 1313.00

49.80
222094 (5/1800) 494.21 1417.00

Map units;(cM) (c™M) (cR) (cR)

Fig. 6.3 Schematic diagram showing fine mapping results for the offer* mutation using SSLPs from the MGH panel. The corresponding position of
these markers on the HS, LN54, T51 and MOP panels is shown in order to identify possible candidate genes in regions showing tight linkage on LG 14.
Polymorphic (linked) SSLPs are shown in blue. Numbers in brackets indicate recombination frequencies.

Results obtained from linkage with markers shown in brown are from Su Guo and mapping ofthe motionless mutant, which is allelic with otter.
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6.4 75435 recombinants

WIK otter otter mutants otter siblings
parents

Fig. 6.4 Genotype analysis of single embryo otfer mutants and siblings using the SSLP
marker Z5435.

The upper band is the WIK allele that segregates with otter, the lower band is the Tii
allele. Three recombination events (R) in 24 meioses are shown.

* 1kb DNA ladder
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6. The otter and eisspalte mutants; Phenotypic characterisation and genetic mapping

6.5 Identification of eisspalte mutants

WT ete

24hpf

Fig. 6.5 Lateral views of 24 hpfand 48 hpfwild-type and eisspalte embryos showing a
curled down tail in eisspalte.

6.6 Axonogenesis phenotype in eisspalte

WT ele

OpLe nerve O ic nerve
20

2d tubulin 2d tubulin

Fig. 6.6 Ventral views of 48 hpf wild-type (left panel) and eisspalte (right panel) embryos
labelled with anti-acetylated tubulin showing defasciculation ofthe anterior commissure (AC)
and disorganised projection of'the optic nerve in eisspalte embryos. Anterior is to the top.
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6. The ofter and eisspalte mutants: Phenotypic characterisation and genetic mapping

Table 6.2 Genetic mapping of eisspalte (ele V")

Rough mapping localised eisspalte to linkage group (LG) 14
The following SSLPs were linked to ele™""®

SSLP Mapping panel positions from top of LG 14
MGH /cM** T51/cR**  HS/cM**  MOP/cM**

74203 38.10 493.00 3820 —

222107 58.30 2551.00 84.60 —

721226 60.60 2667.00 102.20 175.60

KEY:

MGH, HS and MOP- Meiotic mapping panels
T51- Radiation hybrid mapping panel
**_ Position of markers on mapping panel source: http://zfin.org
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6. The otter and eisspalte mutants: Phenotypic characterisation and genetic mapping

6.7 Rough mapping of the eisspalte mutation

MGH
34.60 25435
60.60 21226
26011
80.10
8480 — 23984
9190 — 21801

Map units. (cM)

Fig. 6.7

Schematic diagram showing the position of SSLP markers used for rough mapping ofthe eisspalte™

336 00

2667.00

3107.00

3231.00

3308.00

(cR)

T51

25435

21226

26011
26756

23984

21801

258 54

672.55

676.95

689,62

717.76

(cR)

LN54

25435

Z6011

26756

23984

21801

36 60

175.60

228.30

(cM)

MOP

25435

21226

21801

HS

3090 H 25435

102.20 - 21226

13890 - - Z6666

146.70 - - Z3984
(cM)

mutation on LG 14.

Numbers in boxes to the left of each panel indicate the position of SSLP markers on each mapping panel (Source: http://zfin.org).
Linked SSLPs tested on pooled samples for rough mapping are shown in green.
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6.8 Fine mapping of the eisspalte mutation

49.80

51.30

52.50

60.60

64.00

65.20

66.80

80.10

90.8

91.9

Map units: (cM)

MGH
222128 (6/118)

Z23266 (8/90)

Z9057 (7/84)

Z 1226 (18/72)

Z4701 (7/34)

231366 (11/52)

Z15804 (2/28)

Z6011(6/22)

Z27137 (9/50)

71801 (15/42)

T51

A

1422.00

1639.00

2667.00

2890.00

3107.00

3308.00

(cR)

Phenotypic characterisation and genetic mapping

LN54 MOP HS
503.11
1756.00 . 102.20
k 119.40
676.95
717.76 228.30
(cR) (cM) (cM)

Fig. 6.8 Schematic diagram showing fine mapping results for the eisspalte’"* mutation using SSLPs from the MGH panel. The corresponding
position of these markers on the T51, LN54, MOP and HS panels is shown in order to identify possible candidate genes in regions showing tight
linkage on LG 14. Polymorphic (linked) SSLPs are shown in blue. Numbers in brackets indicate recombination frequencies.
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6. The otter and eisspalte mutants: Phenotypic characterisation and genetic mapping

6.9 71226 recombinants

R R R R

ele WIK eisspalte mutants eisspalte siblings
parents

Fig. 6.9 Genotype analysis of single embryo eisspalte mutants and siblings using the

SSLP marker Z 1226.
The lower band is the WIK allele that segregates with eisspalte-, the upper band is

the Tii allele. Four recombination events (R) in 20 meioses are shown.
1 kb DNA ladder
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7. Discussion

7. Discussion

The work presented in this thesis has focussed on phenotypic characterisation and

ta76b

, oller ty77e

K4 , zebrafish

genetic mapping of monorail>*, shrin and eisspalte
mutants isolated from ENU mutagenesis screens (Brand et al., 1996; Jiang et al., 1996;
Corinne Houart, personal communication). These mutations affect various aspects of
brain development including neural tube specification, neurogenesis and axon
pathfinding in the embryonic zebrafish. It was envisaged that re-screening of these
mutant lines together with genetic mapping and identification of the affected genes
would provide new insights into early development of the vertebrate brain. The

findings from each mutant have increased our knowledge of neuronal patterming and

axon pathway development in the central nervous system and will be discussed below.

7.1 The monorail mutant

7.1.1 Midline defects in monorail

The monorail mutant is morphologically identified by its ventrally curled body axis,
which forms as a result of defects in midline signalling. Other mutants in the same class
include one-eyed pinhead, cyclops and schmalspur and all display ventral midline
defects leading to a curly tail phenotype (Brand et al., 1996, Karlstrom ef al., 1996).
The reason for the downward curved body axis in mutants with defects in floor plate
formation may be due to the absence or reduction of Reissner’s fiber (Higashijima et
al., 1997), a thread-like elastic structure located in the central canal of the spinal cord in
the vertebrate phylum (Reissner, 1860). Components of Reissner’s fiber are secreted
from the floor plate cells at early stages of development and later from the
subcommissural organ (SCO) located at the dorsal midline of the diencephalon (for

review see Meiniel ef al., 1996). F-spondins are a class of secreted proteins expressed
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by the floor plate cells and a subtype of these molecules, F-spondin2, is localised to
regions corresponding to Reissner’s fiber (Higashijima ef al., 1997). In one-eyed
pinhead mutants, formation of the floor plate 1s severely affected (Schier et al., 1996)
and F-spondin2 mRNA expression 1s significantly reduced in this region (Higashijima
et al., 1997). Drosophila M-spondin shares two conserved domains with the NH,-
terminal half of F-spondin. The zebrafish genes mindin-1 and mindin-2 are more
closely related to Drosophila M-spondin than to F-spondin and are expressed in floor
plate cells. In monorail embryos, the expression of mindin-1 and mindin-2 is absent in
the floor plate (Dr William Norton, personal communication). Hence the Mindin/F-
spondin family, which are expressed in the embryonic axis in the region corresponding
to the location of Reissner’s fiber, are important in development of the midline and
body shape (Higashijima et al., 1997).

Monorail embryos show a variable reduction in the width of the floor plate, as
shown by fusion and disorganisation of axons of the medial longitudinal fascicles at
various locations along the entire body axis. The phenotype of other zebrafish mutants
with absence of, or partial defects in, floor plate development also involves fusion and
disorientated growth of axons close to the midline. These mutants include cyclops
(Hatta, 1992), schmalspur, detour and monorail (Brand et al., 1996). The reason that
only a subset of axons is affected in these ‘midline’ mutants is that axon growth
depends on multiple guidance cues from the midline (Colamarino and Tessier-Lavigne,
1995).

Monorail embryos display defects in maintenance of segmental organisation of
cells in the hindbrain, ghal bundle organisation and axonal pathfinding across the
midline. The number and pattern of dorso-ventrally orientated glial bundles that are

normally organised into two transverse rows in each hindbrain segment are reduced and
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disrupted.  Glial bundles also occupy the floor plate in monorail, an area that is
normally devoid of cells and neurons.

Ghal cells are the major non-neuronal components in the nervous system and
play a role in early pattern formation and establishment of neural pathways. During the
formation of axon scaffolds, glia support their outgrowth, form boundaries around tracts
and between neuromeres and facilitate axonal fasciculation and defasciculation of later
developing axons (Marcus and Easter, 1995; Freeman ef al., 2003). In Drosophila, the
path of axonal growth cones is in part determined by glia, which act as ‘guideposts” at
choice points along their route (Hidalgo, 2003). In the mouse, ablation of midline glia
after the initial establishment of commissures causes defasciculation of axons across the
midline (Zhou ef al., 1997). In the zebrafish, lateral line glia are guided by growing
axons and laser ablation of the nerve results in glial stalling (Gilmour ef al., 2002; for
review see Chien and Piotrowski, 2002). The role of glial cells during axon outgrowth
in zebrafish has been shown by expression analysis of the glial-specific intermediate
filament, glial fibrillary acidic protein (GFAP; Marcus and Easter, 1995). Glial cells are
first evident at 15 hpf just before the first axon outgrowth in the brain. At 24 hpf glial
processes border axons in the medial longitudinal fasciculus in the hindbrain and by 48
hpf associate with axon tracts and commissures and define boundaries between
thombomeres (Marcus and Easter, 1995). Glial cells are present in the floor plate of
monorail embryos. Their precise location has yet to be determined, however it may
correspond to regions where fusion and disorganisation of axons of the medial
longitudinal fascicles have occurred.

The patterning of cranial motor neurons adjacent to the floor plate is also
disrupted in monorail embryos. A GFP transgene driven by islet] regulatory elements

was crossed into the monorail line in order to label cranial motor neurons (Higashijima
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et al. 2000). The oculomotor and facial motor nuclei form a single cluster of neurons at
the midline rather than bilateral pairs of nuclei. There is also a reduction in the number
of postertor trigeminal motor neurons (Vp) and the trochlear nucleus (IV) is absent in
monorail embryos, which consequently lack a trochlear decussation. Cranial motor
neurons are generally induced by Hedgehog proteins and the lack of maintenance of
floor plate expression of hedgehog genes results in production of less Hedgehog protein
to induce these neurons (Table 3.1; Chandrasekhar ef al., 1999; Lewis and Eisen, 2001).

The trochlear motor nucleus develops in the first hindbrain thombomere, which
1s patterned through graded signals from the isthmic ‘organiser’ at the midbrain
hindbrain boundary (MHB) by Fgf8 activity (Irving and Mason, 1999; for review see
Rhinn and Brand, 2001). The trochlear nerve axons extend from cell bodies in
rhombomere 1 and fasciculate, growing along a dorsal trajectory to innervate the
contralateral superior oblique muscle of the eye (Colamarino and Tessier-Lavigne,
1995). The dorsal projection of the trochlear (IV) as well as the lateral trajectories of
the trigeminal (V), facial (VII) and glossopharyngeal (IX) cranial nerves is due in part
to chemorepulsive signals from the floor plate. These signals include members of the
Netrin and Semaphorin families. At 24 hpf sema4E is expressed in the dorsal
hindbrain, in dorsal and ventral cells of the spinal cord, in the dorsal tectum and in the
pharyngeal arches of the zebrafish embryo. Sema4E is a repulsive guidance signal for
facial cranial motor axons and acts as a barrier for branchiomotor axons at the
boundaries of the pharyngeal arches (Xiao e al., 2003).

Evidence for the role of signalling molecules from floor plate cells in guidance
of branchiomotor axons has been shown in other species. In rat, both Netrin-1,
expressed by the floor plate and Sema3A, expressed by ventral tissues, repel growing

trochlear axons in vitro (Varela-Echavarma ef al., 1997). The projection of trochlear
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nerve axons in rat has recently been shown to be due to a combination of factors. These
mvolve repulsive cues (including Netrin signalling) from the floor plate, Sema3F
repulsion from posterior thombomere 1 and an attractive signal from Fgf8 at the isthmic
organiser (Irving et al., 2002). In mouse, Sema3F, which is expressed i the posterior
midbrain and anterior hindbrain, repels trochlear axons and mice lacking the Sema3F
receptor, Neuropilin2, exhibit defects in the axon migration from the neuroepithelium
(Chen ef al., 2000). Chick branchiomotor axons are repelled by ectopic floor plate cells,
which indicates a role for floor plate derived repulsive cues in normal axonogenesis of
these neurons (Guthrie and Pini, 1995).

The zebrafish cyclops mutant shows absence of ventral midline cells in the
neural tube and leads to disruption of branchiomotor nucler and axon pathway
formation (Hatta et al., 1991). The branchiomotor phenotype in cyclops embryos
indicates that ventral midline cells of the neural tube, most likely floor plate cells, are
important in specification of branchiomotor neurons and in preventing their axons from
crossing the ventral midline. The facial (mVII) axons cross the ventral midline in
cyclops embryos; this is consistent with a role for floor plate cells in their guidance
(Chandrasekhar et al.1997;, Colamarino and Tessier-Lavigne, 1995). Some cranial
motor neurons fail to differentiate in the Hh pathway mutant defour (Chandrasekhar et
al., 1999). Disorganisation of axons near the floor plate, abnormal trajectories of
commissural interneurons and cyclopia are likely to be the consequences of the
observed midline defect in cyclops mutants (Hatta, 1992; Bemhardt et al., 1992).

Axons of the medial longitudinal fasciculus (MLF) grow along lateral floor plate
cells (Kuwada and Bemhardt, 1990, Hatta ef al., 1991). Since the nVII axons
fasciculate with the MLF, the fusion of the MLF in cyclops embryos (Hatta, 1992)

could be the cause of the midline crossing phenotype of nVII axons in mutant embryos.
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Uncle freddy (unf®®) mutants display partial fusion of the MLFs at the midline (Schier
et al., 1996). In monorail embryos, axons of the medial longitudinal fasciculi are closer
together or occasionally fused in the midline and the facial motor nucleus forms a single
cluster of neurons at the midline rather than a bilateral pair of nuclei.

It was anticipated that identification of the gene underlying the monorail
phenotype and investigation of its function would enhance our present knowledge of the

role of the floor plate in D-V patterning and axon guidance across the midline.

7.1.2 The monorail gene encodes a truncated FoxA2 protein

The monorail®* mutation was localised to linkage group (LG) 17 between flanking
markers Z21703 and Z21194. Radiation hybrid mapping placed the genes foxAI and
foxA2 (Strahle et al., 1997) in the same mapping interval region as monorail. These
genes were therefore considered as candidates not only on the basis of their genetic map
location but also because of their known expression in the floor plate of the developing
embryo (Odenthal and Nusslein-Volhard, 1998), which correlates with the monorail
phenotype.

Screening of the entire coding sequence of the foxAl gene (1284 bp) was
undertaken. Sequencing foxA! from pooled WT cDNA revealed differences in this
sequence compared with the published sequence. The nucleotide changes observed
between the original and revised foxAl sequence would result in a protein differing
from the original over a contiguous stretch of over 100 amino acids. The nucleotide
changes observed between the original and revised foxAl sequence are described in
Chapter 4, Fig. 4.1A, B and C. The total changed amino acid sequence encompasses
transactivating domain II completely (amino acids 273-383 with respect to the onginal
reported position of transactivating domain II at amino acids 350-366). It is important

to determine whether this FoxA protein does contain transactivating domain II or
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whether it could be a vanant without transactivating domain II.  Further
experimentation and analysis is needed before the revised sequence of foxAl can be
confirmed.

DNA sequence analysis of the second candidate gene, fox42, revealed a Cto T
transition at position 676 of the fox42 coding sequence in all monorail individuals
tested in both the forward and reverse direction and changes a glutamine codon (CAA)
to a stop codon (TAA). None of the ten wild-type individuals tested showed the
mutation. The nine monorail siblings tested were either wild-type or heterozygotes.
Hence it was concluded that fox42 is the monorail gene. This nonsense mutation results
in a premature stop codon in the fork head DNA binding domain (84 % of this domain
1s lost). Hence transactivating domains II and III are completely absent and this creates
a carboxy (COOH) terminally truncated FoxA2 proten. The COOH-terminal
transcriptional activation domains of FoxA proteins contain functionally important
region II and III sequences that are conserved in this family of transcription factors
(Costa et al., 2001).

Further approaches were undertaken to confirm the mutation. Firstly no
recombination events were identified in 188 meioses with a marker in the foxA2 gene.
In addition, the amplification created restriction site method (Halliosis et al., 1989),
based on introduction of an artificial restriction site using a modified primer in the PCR
reaction was used. This creates a RFLP for the presence of the mutation, which is
detected by a radiolabeled oligonucleotide probe. One monorail homozygote, three
monorail siblings, and one WT individual were analysed with the restriction enzyme

HpyCH4 V and the results further confirmed that monorail encodes a mutation in foxA42.
7.1.3 Zebrafish fork head domain genes and floor plate development

The vertebrate HNF-3/fork head box (Fox) gene family encodes transcription factors
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originally identified as regulators of liver-specific gene expression (Lai et al., 1991).
Members of the fork head family play important roles in regulating cellular
proliferation, differentiation and metabolic homeostasis (for review see Kaufmann and
Knochel, 1996). They have also been implicated in early embryonic patterning of the
CNS ventral midline (Ruiz 1 Altaba ef al., 1993; Sasaki and Hogan, 1994; Odenthal and
Nilsslein-Volhard, 1998).

The HNF-3 protein family consists of more than fifty mammalian proteins
(Kaestner et al., 2000) that are defined by a 110 amino acid residues region, which
encompasses a DNA binding domain of winged helix structure. This region is common
to a number of developmental regulatory proteins including the Drosophila homeotic
protein fork head (Weigel et al., 1989). The DNA binding domain is involved in
specific DNA recognition, is widely conserved among species and has been described in
organisms as diverse as yeast and human (Kaestner et al, 1993; for review see
Kaufmann and Knochel, 1996). The FoxAl (HNF-3o) and FoxA2 (HNF-3f3) proteins
share 93 % homology in the winged-helix motif and bind to similar target DNA
sequences (Lai et al., 1991).

The FoxA proteins also show homology in the NH>- and COOH-terminal
transcriptional activation domains (Pami ef al., 1992). Transcriptional activation
domains are amino acid motifs that initiate transcription. They function at various
positions with respect to the DNA binding domain within the protein and activate other
transcription factors via their DNA binding domain. They also function by interaction
with basal transeription factors either directly or through co-activator proteins (Pani ef
al., 1992). The transcription factor HNF-6 has recently been shown to function as a
coactivator protein to potentiate the transcriptional activity of FoxA2. At a FoxA-

specific site, HNF-6 acts as a coactivator protein to enhance FoxA2-dependent
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transcription, whereas at an HNF-6-specific site, FoxA2 represses HNF-6-dependent
transcription by inhibiting HNF-6 DNA binding activity (Rausa et al., 2003).

In zebrafish, nine members of the fork head (fkd) domain gene family (fkd! to
fkd9) have been identified and grouped into three classes based on sequence similarities
within the DNA binding and transcription activation domains; as well as similarities in
expression patterns (Odenthal and Nisslein-Volhard, 1998). The foxA2 gene (also
known as fkdl, axial and hnf3f) falls into Class I, which also includes zebrafish foxA/
(also known as fkd7, hnf3¢) and foxA (also known as fkd4, pintallavis). foxA2 RNA is
detected in the embryonic shield at the start of gastrulation and its expression continues
in the axial mesendoderm, the prechordal plate, notochord and endoderm until
somitogenesis. The Class I genes foxA2, foxA and foxA1l are expressed in the floor plate
of the ventral neural tube (Strahle et al., 1993; Odenthal and Niisslein-Volhard, 1998).

The zebrafish FoxA2 protein belongs to the fork head or HNF-3 family of
winged-helix transcription factors (Strihle ef al., 1993), so called because they contain
two flexible loops or ‘wings’ in the COOH-terminal region (Clark et al., 1993). It
shows high levels of sequence identity to its homologues in other species; 65 % to
human, mouse and rat HNF-33; 41 % to Drosophila fkh and 39 % to C. elegans fork
head domain transcription factor (http://www.ncbi.nlm.nih.gov/UniGene). Zebrafish
FoxA2 can activate the zebrafish shh gene promoter (Chang ef al., 1997). Rat HNF-3f3
can also activate this promoter; therefore as well as a structural similarity between these
transcription factors, a functional homology also exists.

The mouse Hnf-3 gene is expressed in the node at the anterior end of the
primitive streak in all three germ layers and then localised in the floor plate and ventral
midline cells of the CNS (McMahon, 1994). The Hnf-3f mouse knockout phenotype

shows absence of all node and midline structures, including the notochord, floor plate
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and gut (Ang ef al., 1993; Kaestner et al., 1994). Mouse embryos heterozygous for both
Hnf-38 and the TGFp-related gene Nodal, exhibit cyclopia and midline patterning
defects (Varlet ef al, 1997). Like mouse Hnf-3f3, foxA2 is expressed in the fish
organiser, the shield, but there is no gastrula phenotype in fish, most likely due to
redundancy of function between Class I Fox transcription factors.

The expression of HNF-33/FoxA2 1s important for floor plate development as
shown by misexpression of foxA2 leading to ectopic activation of floor plate marker
genes (Sasaki and Hogan, 1994, Ruiz 1 Altaba et al., 1995). FoxA2 can also be induced
by the Nodal signal Cyclops and its intracellular transducer Smad2, has been shown to
up-regulate foxA2 expression (Miller et al., 2000). Exogenous FoxA2 can rescue floor
plate gene expression in Nodal pathway mutants (Rastegar et al., 2002).

Several studies have focussed on identification of gene enhancer elements
necessary for floor plate expression. The findings include a Gli binding site in the
enhancer of mouse FoxA2, which is essential for induction of FoxA42 expression in the
floor plate (Sasaki ef al., 1997). In addition, FoxA2 binding sites have been identified
within the enhancers of mouse and zebrafish shh genes (Epstein et al., 1999; Miiller et
al., 2002). A Shh floor plate enhancer showing highly conserved binding sites to FoxA
transcription factors has been isolated and mutational analysis has revealed that the
FoxA binding site 1s required for activation of the Shh floor plate enhancer (Jeong and

Epstein, 2003).

7.1.4 Distribution of fox genes in the zebrafish genome

Monorail/foxA2 maps to linkage group 17 of the zebrafish genome. Radiation hybrid
mapping has localised two other fox genes, fox4l and fox(GI to linkage group 17,
whereas the other ten mapped fox genes to date are dispersed throughout the zebrafish

genome (source: www.zfin.org/mapping panels). This clustering of FOX genes 1s also
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seen in the human genome, FOXFI, FOXLI and FOXC2 all map to chromosome
16q24.3 (Kaestner ef al., 1996), whereas the other FOX genes mapped to date are spread
out throughout the genome. The zebrafish orthologues of the three FOX genes on
human chromosome 16G24.3 have not yet been identified.

The zebrafish genome shares large regions of conserved synteny with
mammalian genomes (Postlethwait ef al., 1998). There is strong conserved synteny
between zebrafish linkage group 17 and human chromosomes 14 and 20 (Woods et al.,
2000). The three zebrafish fox genes, foxAl, foxA2 and foxGl and their human
orthologues, FOXAI, FOXA2 and FOXGIA respectively map to a strongly conserved
region. FOXAI, FOXA2 and FOXGIA map to human chromosomes 14q12-q13, 20p11
and 14q13 respectively. The reason that the human orthologues of these zebrafish genes
on linkage group 17 are distributed on human chromosomes 14 and 20 may be because
human chromosomes 14 and 20 were ancient duplicates before the divergence of human
and zebrafish lineages. Another explanation might be that the last common ancestor of
zebrafish and human had a single chromosome that was a mixture of the present human
chromosomes 14 and 20. This single chromosome might have become separated by

translocation events in the human but not zebrafish lineage (Postlethwait ef al., 2000).

7.1.5 FOX genes and disease

Mutations in FOX genes have been shown to underlie specific human disorders. These
include mutations in the FOXC/ gene identified in families with congenital glaucoma
phenotypes, including Axenfeld Reiger anomaly (Mears et al., 1998), mutations 1
FOXE] lead to thyroid agenesis (Clifton-Bligh et al., 1998) and those in FOXP2 cause
language disorder (Lai et al, 2001) and have also been identified in individuals

diagnosed with autism (Gauthier ez al., 2003).
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The gross morphological defect in the zebrafish midline mutants including
monorail, schmalspur and uncle freddy is a downward-curved body axis, or 'curly-tail'.
Schmalspur and uncle freddy mutants are allelic and exhibit loss-of-function mutations
in the fork head domain of the foxH1/fast] gene (Pogoda et al., 2000; Sirotkin et al.,
2000). Several mouse mutants with abnormal neural tube development also have
altered body shape. In curly-tail mouse embryos, closure of the neural folds is altered,
leading to spina bifida or exencephaly (Copp et al., 1990). Despite the great deal of
phenotypic analysis on curly tail embryos, the gene product still remains unidentified.
However candidates are in the process of being screened and it remains to be seen if the
gene product turns out to be a transcription factor (for review see van Straaten and

Copp, 2001; van Straaten, personal communication).

7.1.6 Monorail conclusions and future work
Analysis of gene expression patterns and antibody labelling in monorail mutants has
revealed a role for FoxA2 in induction of lateral floor plate cells, maintenance of
expression of regulatory genes expressed in the medial floor plate and differentiation of
these cell types, formation of the serotonergic Raphe nucleus, induction of specific
cranial motor nuclei and midline crossing of axons of the trochlear nucleus and
segmental organisation of glial bundles in the hindbrain (Chapter 3 of this thesis and Dr
William Norton, personal communication). A summary of the results from phenotypic
analysis of the monorail mutant is shown 1n Table 3.1.

Future work should include injection of a mutated fox42 mRNA containing the
C to T transition identified in monorail cDNA to determine whether the mutant protein
retains any residual activity. Further investigation of FoxA2 protein expression in
monorail is also required. The expression of the zebrafish FoxA2 protein was
investigated using a polyclonal antipeptide antibody made to mouse HNF-3f (Santa
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Cruz Biotechnology®). This antibody recognises the carboxy (COOH) terminus of the
HNF-3f3 protein. The monorail mutation is predicted to lead to truncation of the protein
product. Therefore it was anticipated that the normal HNF-3f3 47 kDa positive band, as
seen in the HepG2 (human hepatoblastoma whole cell lysate) positive control, would be
absent on western blots probed with the antibody. However, the monorail protein
extract gave an HNF-3B-positive band of the same size. This result is possibly due to
other homologous members of the fork head genes having partially overlapping or
redundant expression patterns and functions. Hence there may be cross hybridisation
between HNF-33 and other members of this gene family.

An antibody binding to the NH»-terminal of FoxA2 should be tested to detect a
shorter product in monorail and prove truncation of the protein at the start of the fork
head domain due to presence of the mutation. An explanation for the result obtained
above is that the antibody tested was not raised against a peptide of zebrafish FoxA2
protein. Although HNF-3p and FoxA2 are similar (65 % identical in their sequence),
structural differences do exist between species. Mouse Hnf-3/ gives rise to multiple
mRNAs due to variations within the transcription start site or to different splicing of
primary transcripts (Lai et al., 1993).

Future work should also include optimisation of the protein extraction and
western blot experiments. Technical problems were encountered with the protein
extraction technique; incomplete removal of the yolk sac from embryos resulted in
retardation of actual protein sample migration on the SDS gel due to the presence of the
yolk sac protein vitellogenin. In order to remove the yolk sac completely,
dechorionated embryos should be anaesthetised in tricaine and pinned to Petri dishes
coated with Sylgard silicone elastomer. Sharpened tungsten needles and fine forceps
should be used to dissect the yolk sac.
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7.2 Shrink, otter and eisspalte

The mutants shrink (Corinne Houart, personal communication); otfer and eisspalte
(Yiang et al., 1996) commonly exhibit defects in pathfinding and fasciculation of axons
in the forebrain as well as curvature of the body axis and a range of other developmental
defects (Dr Jacqueline Hoyle, personal communication). There follows a discussion of

each mutant in turn.

7.2.1 The shrink mutant

The shrink mutant is characterised by defasciculation of the post-optic commissure and
extension of these axons rostrally from the chiasm towards the anterior commissure
together with mis-projection of retinal ganglion cell axons. The phenotype also
includes a significant increase in the number of apoptotic cells in the head region and
relatively smaller size of the eyes and head and a thinner yolk tube extension compared
to wild-type siblings as well as dorsal curvature of the body axis.

Other zebrafish mutants including cyclops, no isthmus, acerebellar, astray,
chameleon, detour, iguana, umleitung and you-too (Brand et al., 1996; for review see
Culverwell and Karlstrom, 2002) also show a retinotectal pathfinding phenotype, as
well as abnormal differentiation of midline structures due to defects in Hh signalling.

The midline secretes signalling molecules involved in retinal axon guidance.
The chemorepellent signalling proteins Slitl and Slit2 and their receptor Robo2 have
been shown to control midline crossing of axons at the optic chiasm in zebrafish (for
review see Hutson and Chien, 2002). Retinal ganglion cell axon pathfinding defects are
observed in Netrin-1/DCC or EphB ligand deficient mouse embryos (Jin ef al., 2003).
Mice deficient in both Slitl and Slit2 show a significant number of axon guidance errors
in major axonal pathways in the mammalian forebrain, including the corticofugal,

callosal and thalamocortical tracts (Bagn et al., 2002).
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Investigation of the no isthmus (noi) mutant has revealed that gene expression
domain boundaries correlate with sites of commissural growth. Defasciculation of the
anterior and post-optic commissures in noi results from defects in expression of the
Netrin family of guidance molecules and the signalling protein Shh in forebrain
patterning (Macdonald et al. 1997).

The shrink”' mutation was rough mapped to LG 6, 6 ¢M from SSLP marker
726767 and 3 ¢cM from Z12094.  Fine mapping was carried out at UCL by genotyping
single mutant and sibling embryos with further SSLP markers. Four recombinants were
identified in 52 meioses with marker 714826, however this marker requires further
optimisation.

The gene jakl kinase (Conway et al., 1997) maps to the same interval as shrink,
is involved 1in early brain development and is a possible candidate. Jakl is a member of
the tyrosine kinase family, ubiquitously expressed in adult mouse tissues and has been
shown to transduce signals by phosphorylation of STAT (signal transducers and
activators of transcription) proteins (lhle, 1996). STAT proteins are located in the
cytoplasm until they are tyrosine phosphorylated, which leads to dimerisation and
nuclear translocation to bind targets and activate transcription. During early
development, Jak1l kinase is exclusively maternally expressed. Overexpression studies
have identified that this kinase plays a role in cell migration, goosecoid expression and
formation of the anterior shield (Conway et al., 1997).

The shrink phenotype is not restricted to a specific region of the embryo.
Further detailed gene expression analysis needs to be performed before it is possible to
define a particular pathway in which shrink might be involved. Further phenotypic
characterisation of the shrink mutant should test whether jak! kinase is able to rescue

the shrink phenotype to show if shrink encodes Jak1 kinase. The onset of cell death and
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defasciculation of the post-optic commissure also need to be determined by analysing
embryos at a range of developmental stages from the start of axonogenesis. Cell
autonomy experiments similar to those carried out on the acerebellar (ace) mutant
would determine whether shrink 1s required in the eye or brain (Shanmugalingam ef al.,

2000).

7.2.2 The otter mutant

The otter mutant was isolated in a screen for mutations affecting neurogenesis and brain
morphology in the zebrafish (Jiang et al., 1996). In the pharyngula period, the brain
region is significantly reduced in size and the brain ventricles are collapsed. Otter
mutants have a curled down head, show failure of midbrain-hindbrain boundary and
cerebellum formation, have an enlarged heart cavity, ear and jaw formation defects, a
reduced touch response, general retardation and cell death; they subsequently die in the
early larval period (Jiang et al., 1996; Dr Jacqueline Hoyle, personal communication).
Zebrafish mutants with a defective cardiovascular system show a reduction or absence
of cerebrospinal fluid pressure, which leads to an incomplete inflation of brain
ventricles, failure of brain enlargement and subsequent degeneration (Schier et al.,
1996). Further screening of otter mutants with anti-acetylated alpha tubulin antibody
revealed that the anterior and post-optic commissures form thicker bundles compared to
their wild-type siblings, axons cross between the anterior and post-optic commissure
and the optic nerve splits on exiting the eye.

Subsequent complementation studies have revealed that otfer is allelic to
motionless, a mutant isolated from a screen for mutations affecting development of
catecholaminergic neurons in zebrafish (Guo et al.,, 1999b). In motionless mutants,
there i1s a reduction of hypothalamic dopaminergic (DA) neurons at 30 hpf and a

reduction of telencephalic and diencephalic DA and locus coeruleus sympathetic
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neurons at 48 hpf. In addition to a catecholaminergic neuron phenotype, motionless
mutants also have defects similar to those of offer mutant embryos. These include a
shghtly cyclopic brain and failure of the brain ventricles to inflate properly. Blood
circulation is also disrupted in motionless mutants and at 48 hpf, bradycardia 1s evident
with accumulation of blood near the heart. Motionless mutants also show high levels of
apoptosis in the lens and telencephalon at 52 hpf, do not respond to external stimuli and
die at 4 days post fertilisation (Guo et al., 1999b).

Future work including characterisation of ofter by gene expression analysis is
needed to reveal specific patterning defects and identify whether this is the primary
cause of the ventricle collapse phenotype. Analysis of neuronal differentiation in otter
mutants using the anti-HuC antibody and a more detailed investigation of axon tract
development by screening mutants with anti-acetylated alpha tubulin antibody needs to
be undertaken to reveal further defects in neurogenesis and axon pathfinding
respectively.

The otter™® mutation was rough mapped to LG 14 to a region between SSLP
markers 27043 and Z5435. Fifteen recombinants in 124 meioses were identified with
marker 27030 and 3 recombinants in 28 meioses with marker Z5435. The motionless
mutation has also been mapped to LG 14 and is the subject of a positional cloning
project (Su Guo, personal communication). There are several interesting candidate
genes in this region that are currently being screened for mutations by the Guo lab.
They include a kinesin molecule that is similar to KIF3A (kinesin-like protein3A) and a
heat shock protein 110 (HSP110) family member that is homologous to APG-2 (ATP
and peptide-binding protein in germ cells-2). These have been chosen as candidates due
to the pleiotropic phenotype of otter/motionless. KIF3A is a member of the kinesin

microtubule-associated motor protein family involved in anterograde transport. It is one
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of the two motor subunits of kinesin-II that is essential for cilia formation. KIF3A 1s
expressed in the inner segment and connecting cilium of fish photoreceptors (Whitehead
et al., 1999) as well as in the kidney, where its inactivation leads to polycystic kidney
disease (Lin ef al., 2003). Knockout mice that completely lack KIF3A fail to synthesise
cilia in the embryonic node and show randomisation of left-right asymmetry and
structural abnormalities of the neural tube, pericardium, branchial arches and somites
(Takeda et al., 1999, Marszalek ef al., 2000). APG-2 is expressed at high levels in the
testis and ovary and lower levels of expression have been detected in various other
tissues including brain, heart, liver, lung, spleen and kidney (Kaneko ez al., 1997). Both
KIF3A and APG-2 have been mapped to human chromosome 5 which shares high
regions of conserved synteny with zebrafish LG 14, where otfer and motionless have

been mapped.

7.2.3 The eisspalte mutant
The eisspalte mutant was isolated in a screen for mutations affecting neurogenesis and
brain morphology in the zebrafish (Jiang ef al., 1996). During the pharyngula stage of
development, eisspalte embryos show a dent after the midbrain-hindbrain boundary and
general retardation (Jiang ef al., 1996; Dr Jacqueline Hoyle, personal communication).
The eisspalte mutant is identified by its curled down tail phenotype. Further screening
of eisspalte mutants with anti-acetylated alpha tubulin antibody revealed that the
anterior commussure is less fasciculated than normal and the optic nerve projects in
different directions on exiting the eye.

The eisspalte”’’® mutation was localised to LG 14 between SSLP markers
71226 and Z1801. Seven recombinants in 84 meioses were identified with marker
79057 and 18 recombinants in 72 metoses with marker Z1226. Fine mapping of this

mutation is now underway (Dr Jacqueline Hoyle, personal communication). Likely
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candidates will be genes with predicted roles in formation of the cytoskeleton, such as
cell adhesion molecules, actin-related genes and those involved with the extracellular
matrix and in cell movement processes. These molecules have been associated with a
wide variety of processes including neuronal migration, survival, axonal growth and
guidance.

Future phenotypic characterisation of eisspalte mutants should involve gene
expression analysis to reveal specific defects i neuronal patterning and axon tract
development. This should initially involve wholemount labelling of eisspalte embryos
with antibodies to HuC to label neurenal cell bodies, zrf-1 to reveal patterning and glial
cell organisation in the hindbrain and examination of retinotectal axon pathfinding by
dil/diO eye injections and screening mutants with anti-acetylated alpha tubulin

antibody.

7.3 Conclusions
The aum of this project was to characterise zebrafish mutants with defects in
commissural axonal development and guidance and using a positional/candidate cloming

approach, 1dentify the affected genes. The results demonstrate commissural axon
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pathfinding defects in the mutants monorai and eisspaite
(Brand et al., 1996; Jiang et al., 1996, Corinne Houart, personal communication) in
addition to abnormalities in neuronal patterning in the midbrain and hindbrain
(monorail). The monorail mutation prnimarily affects patterning of neurons in the

r¥7% and eisspalte™’® and shrink®™ show

mudbrain and hindbrain. The mutants otfe
more widespread abnormalities including defects in various aspects of brain
development, circulation, body shape and swimming behaviour respectively.

FoxA2 is the HNF-33 homologue in human and mouse and has been shown to

have important roles in early developmental processes in a variety of organisms. The
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importance and function of FoxA2 in patterning of the ventral CNS in zebrafish has
been possible through phenotypic characterisation of mornorail embryos that show a
mutation in the fox42 gene.

Hundreds of genes of unknown biochemical function essential for vertebrate
development have yet to be identified. The work from this thesis has contributed to this

1a76b

kU4 otter

task through identification of the monorail gene. The findings from shrin
and eisspalte‘y77e have provided a basis for further characterisation and genetic mapping
in order to identify and/or validate candidates, decipher the affected gene and increase
our knowledge of the processes and components mvolved in neuronal patterning and

axon pathfinding in the central nervous system (CNS).
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9.1 Mapping primers

9. Appendix

Table 9.1.1 Monorail mapping primers on LG 17

SSLP | Position Forward primer Reverse primer Ta
on MGH (5'-3") 5’3" product
panel/cM size/bp
71490 15.1 TGGTGTCCATGTAAACGTGC ACACTGCTGGAGGAGATGCT 135
722083 24.6 GCACATTGTAGCTCGCTCTG CTCAGACCACCACCTGTCCT 195
722674 29.9 AAAGTCTTTAGGCCTTTTACAATGA | CGTTCCCAGATGCTTTCAAT 163
715738 34.2 TCTGAAACATTAGCCCAGGC GGTGGCACAAAACCTGAAGT —
724008 37.1 CCGTGAAGGTCGGTCTTTAA GCGTTCAGCAGCACTATCAG —
723501 39.2 GAAGCTTGGAGGATCAGTGC GTCAAACTCTTCCACTCGCC —
731650 40.8 AGATGCACCACACGACAAGA CTGTGTGTTGGCTGCTCAGT —
713557 40.9 AGCACTGCCTGATACCGTCT TTGATGTGCTCTGCTTGGAC 254
29847 40.9 GGGCCAGACCAATTAGAACA GTGTTGGCTGCTCAGTTCAA 215
721703 498 CACAATCAGATTAAAATCCGCA ATCGCTGGAATTACCACCAC 139
721194 54.5 AGTTCACCTTGAGGCCCTTT ATGCTTTTCTCTCTGCGCTC 165
73894 54.5 ACACGCTGTATGTCAGCTGC CCCTCTCTGAGACAGTATGCG —
714082 54.5 ACACGCTGTATGTCAGCTGC CCCTCTCTGAGACAGTATGCG —
74053 57.1 TGGCGACATCTGCGATGTTT GGAAAGCGTCTGCCTCACGT —
74862 752 GTCCACAGATGGACCGAAGT TGATTCTGTCCTGAAAGAGCC 173
73123 78.7 CCTATGGGGAGTCCTGTGAACC CTTCTGGCCTGTGCGGATTC —
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Table 9.1.2 Shrink mapping primers on LG 6

SSLP | Position Forward primer Reverse primer Ti
on MGH (5’—3) (5°->3) product
panel/cM size/bp

26767 47.8 AGGCCGGTAGCAATAATCAA | CCCTTCCGTATTGGGAATTC 212

712094 49.0 ATCAGACCACAGACATGCCA | GCAATGACAGTTGGTTGACAA —

753452 493 ACAGAGCTGGGTGCATCTCT | TGGGTAGGCTAAATTCTCCG —

210183 513 CCGACATGGACAGACAATTG | TGTGTCCTGTTGGGGATACA 245

214826 53.6 ACTTTGCCCCCTCTTTTGTT AATGTTCCAAAAGGCACAGG —

722745 54.9 TGCTCAAACCAGCAACAGAC CCCTCTGTTGACTAGTCCCC 216
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Table 9.1.3 Otfer mapping primers on LG 14

SSLP | Position Forward primer Reverse primer Ti
on MGH 6’-3) 5’—>3) product
panel/cM size/bp

77043 10.5 TGCACATTCCTTCCAGAACA | GCCAGAAAACTGAGCAGACC 185

79857 10.5 ACTCTCACGCATACACGCAC | CAGCTGATGTCCACATGATAGC 215

Z11513 10.5 AAAGTTTCCAGGGCAAAGGT TTTCCATGTGTTGTGCCACT 180

25436 12.0 GATAAATGGAGGACGGCAGA TTTTTCCGTAGAGGGTGTGG —

720072 12.0 ACTGTGTGCACATCACCTCC CTGGCGCTCACACTGTATGT 178

ZR8873 16.7 AAGACACACATGCAAAAGCG TCTCTGGCTGTCATTGTGCT —

212087 21.3 TGGAGGGAGAGATGATCCAC AATGCTGAAAATGCAAACCA —

71536 21.4 GTGGCTGTAATGCGTTCAGA GCACACATCTGGGGAAAACT 213

23259 21.4 TGATAATTGCAGGGGGCTAG TGATCCACAGCGAATAGTGC —

78435 274 TTTGCCTCTTTTCTGAGGGA | ACGCATTGCAACCAATAACA 152

77030 32.9 ACAGGAATTGGCAGTCATCC GATGAACCCTTGACCCTCAA 129

75435 34.6 CCTTGTGCCCCTCAAATG AACAGTCATGGGAGGGAATG —

722107 58.3 AGCGTTAGTGTGACAGGGCT TTTTACAGCGGGGCTTACAC 129
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Table 9.1.4 Eisspalte mapping primers on LG 14

SSLP | Position Forward primer Reverse primer Tii
on MGH 5-3) §—3) product
panel/cM size/bp

75435 34.6 CCTTGTGCCCCTCAAATG AACAGTCATGGGAGGGAATG —

722128 498 GGAGCAGGAATTCATTTCCA GTGGTCCATGAGTGCATCTG 270

723266 513 GCAGCGTAAATCTTGGACAA GCACATATTTCATCCTCGGC —

79057 52.5 CAGAAACATTCCATGTGCCA TCCACCCATTTGGCATATCT 144

71226 60.6 GTGTTGACATATGGCCCTCC GCCGAGGCAAATATTTTCAA —

24701 64.0 CAGACTCCAGCCGTATGGAT GAGCCGCTCTCTTCTCTTGA —

731366 65.2 TAGCGTAACTGACTGGCTGC ACCATAACGAGGTTTGTGCC —

Z.15804 66.8 TAGCGTAACTGACTGGCTGC GTTTGTGCCAAAGCAGAACA —

26011 80.1 TCCCCACCAGGATATAGGAA TGATTTACAGCCATGTCGGA 168

76666 80.1 TGCTGCTGATGATGTGACAA | TTTAATAGGTCACAGCACACGC 157

76756 80.1 TGATTTACAGCCATGTCGGA CCTATGAGTGTCCCCACCAG 181

723984 84.8 TGACATGTGCTCATGCTTGA | CCACAAAAACCACATGATGG -

727137 90.8 TGGTCTCCTGGAAGTTTGCT TTAGCTTCACGCTGTCATGC —

Z.1801 919 ATTCAGCAGCCGAGCAGA TCGACATGGGTAACGAGAGA —

The annealing temperature of all mapping primers is 60 °C
— = Tt product size not determined

Source:

Position of SSLP on MGH panel from http://zfin.org

SSLP sequences and product sizes from http://zebrafish.mgh harvard.edu
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9.2 Sequencing primers

Table 9.2.1 foxA1I gene primers (GenBank accession number AF052250)

Primer name Sequence (5°—>3’) GC Tm
content | (°C)
(%)

F7TREV2 GATGTATTGAGAACAGGCC 47 44
F7TFWD2 TCCTCCATAATGTTGGGCG 52 46
Fkd 7 fwd1 CTGCATGTGCACGAGCTGTGGATTTCCTC 55 59
Fkd 7 fwd2 ATGTTGGGCGCAGTGAAAATGGAAGGAC 50 56
Fkd 7 revl CAGTTCCTTTTGCACCAAGTGCATGCC 51 56
Fkd 7 rev2 CGTGGCAATGACTACGATGTATTGAGAAC 44 55
tkd7 CTCCCATGACGAACAGCAG 57 48
fkd7 2 ATGGCGTTCAGGTTGGACG 57 48
fkd7 3 AGTAGGAGCCTTTTCCCGG 57 48
fkd7 4 GTTTGCCTCTGGTCTGTCG 57 48
FKD7 FWD ATGTGCACGAGCTGTGGATTTCCTC 52 54
FKD7 REV GTTCCTTTTGCACCAAGTGCATGCC 52 54
Fkd 7 fwd (F) TGCGACAAAAAGTTGCCCG 52 46
Fkd 7 fwd (C) GATGTATTGAGAACAGGCC 47 44
FKD7FWD TACTACCGTCAGAACCAGC 52 46
FKD7FWD2 TTACTCCTTCAACCACCCG 52 46
fkd7 fwd ACCCCTACACCAGCATGAG 57 48
tkd7 twd2 TGCGACAAAAAGTTGCCCG 52 46
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Table 9.2.2 foxA2 gene primers

GenBank accession number NM_130949

Coding sequence region 181-1410 bp.

9. Appendix

Primer name Sequence (5°—3’) GC Tm
(position in content | (°C)
sequence/bp) (%)
Axial reverse CCGGACATAGTCATGTAAGTG 47 47
(306)
Axial genomic fwd CAGATCGAGAGATCCGAAGAC 49 49
(585)
Axial genomic rev CGGAGAGCGCGGAACTTTCAG 61 53
798
AXLIS,L F)WDz TACAGGCATTTCTCGTGTGGGGAAGCG 55 58
123
AXLE\L I%Evz GTTTAGGAAGAGTTCAGGATGGGCCTGGAG 53 59
1383
AXIFAL F%vm TTCCAGGATGCTCGGTGCTGTCAAAATGG 51 58
174
AX[E&L IgEV 1 GTCACAAGGTCCAAGAGAGTTTAGGAAG 46 55
(1403)
axial fwd3 GAACATGTCCTATGTCAACAC 42 45
(366)
axial fiwd4 CTAACCTCGTACAGCAACATG 47 47
526)
axi(al fwds AGCAATCACCCAGTAAGATGC 47 47
(74)
axial fwd6 ACTAAGCAAGGATCCGAGTCG 52 49
(936)
axial fwd7 TGTCTGACATGAAGTCGGGTC 52 49
(1055)
axial fwd8 CTGAAGCCAGAACATCACTAC 47 47
(1168)
axial rev2 TGCTCCGAGGACATTAGGTTG 52 49
(1214)
axial rev3 ACCCGACTTCATGTCAGACAG 52 49
(1055)
axial rev4 TTCTTATCGCACTTGAAGCGC 47 47
(915)
axial rev5 GGATCTCTCGATCTGTTTATG 42 45
(579
axial revb GTGTTGACATAGGACATGTTC 42 45
(366)
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Table 9.3 foxA2 mapping, restriction digest and genescan

primers
Primer name Sequence (5'—»3’) Tm (°C)
axial polymorphism 1 GACATACGAGCAAGTGATGCA 47
axial polymorphism 2 GCGAAAAAAGTCCAAATAACA 41
axial modified fwd CTAATAACCATGGCCATCCTG 47
axial modified rev TCTCGGAGCTGCTGTTTGATC 49
axial labelled FAM-TCTCGGAGCTGCTGTTTGATC 59
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9.4 Websites used: URLSs and description of contents

Zebrafish Genome Resources on NCBI

http://www.ncbi.nlm. nih.gov/genome/guide/D_rerio.html

Zebrafish meiotic maps, radiation hybrid maps, mutagenesis projects
NCBI Map Viewer

http://www .ncbi.nlm.nmh.gov/cgi-bin/Entrez/map_search?chr=zfish.inf
Graphical representation of integrated zebrafish genetic and RH maps
Zebrafish Information Network (ZFIN)

http://zfin.org

Searches for mutant lines, wild-types, genes, gene expression data, mapping
panels and genetic markers including cloned genes, RAPDs, SSLPs, RFLPs,

STSs, ESTs and mapped mutations.

Anatomical atlas provides detailed images of zebrafish developmental stages

and allows annotation of gene expression data.
Microsatellite marker database
http://zebrafish. mgh harvard.edu/

Search for marker sequence, PCR primers, BLAST results, mapping information

and strain product size.
Regions of conserved synteny between human and zebrafish

http://zebrafish.stanford.edu/genome/refmaps/refhomology/Table2. html

Zebrafish orthologues of human genes

http://134.174.23.160/HumanblastZebrafish/
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¢ Ensembl Trace Archive
http://www trace.ensembl.org/
http://www.sanger.ac.uk/Projects/D_rerio/mapping.shtml

Access of genomic sequence data from the Sanger Institute
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