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Abstract

The vertebrate forebrain is a highly complex structure containing millions of neurons that
form highly ordered and precise connections. The mechanisms that give rise to this
complexity are slowly being elucidated through work on a number of developmental
systems. I have investigated the organisation of the zebrafish forebrain and the mechanisms
by which a simple neuroepithelial sheet becomes patterned to the more complex adult
forebrain structure. Initially, I examined the development of the zebrafish CNS during later
stages of development (18 somites stage to 5 days postfertilisation) through studies on gene
expression, axon pathfinding, morphology and cell proliferation. Using the prosomeric
model as a basis, we can begin to understand how the regions demarcated by genes, such as
Dix2 and Emxl, relate to similar regions in other organisms, such as mice, chickens and
turtles.

In order to investigate the how different genes influence forebrain development, I
conducted misexpression studies and have characterised zebrafish mutants. Analysis of the
acerebellar mutant reveals that Ace/Fgf8.1 is responsible for correct specification of, and
axon pathfinding within, the midline optic stalk territory. Furthermore Ace/Fgf8.1 is also
responsible for neuronal differentiation in the dorsal forebrain and for correct specification
of the olfactory bulb. Analysis of zebrafish embryos with mutations in both Ace/Fgf8.1 and
SywShh reveals that although patterning of the forebrain is not more severely affected in
the double mutant, the growth of the ventral forebrain is greatly reduced. In zebrafish, the
members of the Emx gene family are the earliest known markers for the presumptive
telencephalon and loss of function studies in Drosophila and mice suggest an important
role for Emx genes in development of anterior structures. To further investigate potential
roles for Emx genes in forebrain development, the zebrafish homologues of Emx genes
were misexpressed. However ectopic expression of Emx genes does not appear to have the
capacity to promote ectopic telencephalic structures. In conclusion, my study has started to
reveal how the zebrafish forebrain develops and the genes involved in growth, patterning,
neurogenesis and axon pathfinding in the forebrain.
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1.0 Introduction

Chapter One
Introduction

In order to understand how the vast array of vertebrate neuronal cell types utilise and
influence their environment to co-ordinate virtually all physiological processes,
neurobiologists are increasingly studying the mechanisms responsible for specification of
these diverse cell types. Of the different central nervous system (CNS) subdivisions, the
adult forebrain has been the focus of intense study and yet our knowledge about its early
development remains poor. Recent advances in our understanding of forebrain development
have come from studies performed in a number of different organisms, including the
zebrafish. Although the zebrafish is well established as a model developmental organism
(Eisen, 1996), some aspects of its development have yet to be well described. In this study, 1
initially characterised zebrafish telencephalic development and subsequently investigated
mechanisms which may contribute to the patterning of the zebrafish forebrain. Following a
brief overview of CNS development, I will address the issues of forebrain segmentation,
patterning and early axon pathfinding in separate sections of this chapter.

1.1. Overview of the formation of the brain
1.1.1. Early development of the CNS.

The CNS develops from the neural plate, an ectodermal layer of pseudostratified
epithelium, present during early gastrulation. The neural plate is a transient structure which
has antero-posterior and dorso-ventral polarity but is initially morphologically uniform.

The neural plate condenses to form the neural tube through the process of
neurulation. In most vertebrates, the lateral edges of the neural plate thicken and form neural
folds, which become raised above the surface of the rest of the neural plate. A U-shaped
groove in the centre of the neural plate forms rostrally and spreads caudally (Schoenwolf
and Smith, 1990). The combination of cell movement events which orchestrate the
formation of the folds and groove eventually lead to the fusion of the neural folds,
separation from adjacent non neural ectoderm and formation of a hollow neural tube. In the
zebrafish, the process of neurulation occurs through cavitation of a thickened neural keel but
the outcome is the same (Papan and Campos-Ortega, 1994).
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1.0 Introduction

Structure Subdivsion Components of |Function
subdivision
limbic pallium hippocampus memory, emotion,
dentate gyrus learning
Ammon's horn
Pallium dorsal pallium neocortex sensory processing,
motor control
lateral pallium olfactory (piriform) | olfactory processing
cortex
amygdala, limbic processing,
? including fear
claustrum
striatum striatum, motor responses,
pallidum planning, initiation
Sub-pallium and execution of
movement
septum septum limbic processing

Tablel.1. Brief summary of structure and function of the rodent telencephalon

The telencephalon can be broadly divided into pallium and sub-pallium structures, which
correlate to dorsal and ventral divisions respectively. Pallium and sub-pallium structures can
be further delineated into more specific areas, with specific functions. The amygdala and
claustrum can not be clearly defined as pallial or sub-pallial structures, as the origins of these
structures have not been clearly established.
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1.0 Introduction

After neurulation, the neural tube starts to become divided into morphologically
distinct regions and the overlying neural crest migrates. The neural tube develops several
ring like constrictions which demarcate the major divisions of the brain, the forebrain,
midbrain and hindbrain. The forebrain is composed of the telencephalon and diencephalon.
In most vertebrates, the telencephalon is further subdivided into the dorsal pallium and
ventral sub-pallium. The rodent telencephalon is one of the most extensively described
structures with the regions well defined by cytoarchitecture and function. The components
of the telencephalon and their associated functions are illustrated in Tablel.1.

1.1.2. Morphogenetic events during the development of the teleosts telencephalon.

In the zebrafish, the adult telencephalon is broadly subdivide into the area dorsalis
and area ventralis (Wulliman et al., 1995). Comparative neuroanatomy between brains of
different species from different vertebrate taxa has advanced our understanding of the
overall phylogeny of vertebrates and helped assign homologies to telencephalic structures of
different species. However such comparative neuroanatomy is hampered in zebrafish due to
a significant difference in teleostan and mammalian telencephalic development.

In mammals and many other amniotes, the telencephalon undergoes a process called
evagination. During evagination, the dorsal telencephalon expands exponentially and bulges
outwards. The central lumen also enlarges to form the lateral telencephalic ventricles. The
end result of evagination is that structures, which were originally positioned dorsally are
placed in the medial most part of the telencephalon (Figl.1A,B). Other displacements are
also caused by evagination, for example the most ventral pallial area coming to lie most
laterally to give rise to the olfactory pallium (Figl.1A).

In zebrafish and other teleosts, the telencephalon undergoes the process of eversion.
The roof of the telencephalon elongates and bends over the rest of the forebrain (Figl.1B).
Following eversion, structures originating from dorsal neural tube lie at the lateral most
extent of the telencephalon. The intermediate part of the pallium comes to lie dorsally and
ventral most pallial structure become positioned as the medial most structure (Butler and
Hodos, 1996). The timing and processes involved in eversion are unknown in the zebrafish.

1.2.  The role of segmentation in forebrain development

16



1.0 Introduction

Figl.1. Different developmental processes in the teleost and tetrapod telencephalon

(A) In most groups of vertebrates, the telencephalon develops through the process of
evagination. During evagination, the dorsal telencephalon expands and the central lumen
expands to form the lateral ventricles. Consequently dorsal most structures become medial
and ventral most pallial structures become the lateral most telencephalic structures in the
adult. (B) In teleosts, the telencephalon undergoes eversion during which the dorsal
telencephalon thins and elongates. Thus the dorsal most structures in the neural tube lie at
the lateral most extent of the adult brain. Additionally the lateral ventricle does not form.
Sudivisions a-e refer to different positions along the dorso-ventral axis. After evagination, a
becomes part of the limbic pallium, b, neocortex, c, the olfactory cortex, d, striatum and e,
septum. In teleosts, a, b becomes the area dorsalis and d, e, the area ventralis. ¢ contributes
to parts of the area dorsalis and area ventralis.

Adapted from Butler and Hodos, 1996.
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1.0 Introduction

The presence of constrictions, which delineate the major divisions indicate that the
CNS is divided into segments from an early stage. The further segmentation of the
hindbrain, as visualised by the series of bulges known as rhombomeres, suggests that
segmentation may play an important role in the development of other regions of the CNS,
such as the forebrain (Lumsden and Krumlauf, 1996). The study of forebrain segmentation
has also led to the discussion and examination of the evolutionary links between vertebrate
and invertebrate segmentation.

The advent of developmental genetics has allowed the study of many distinct
processes at the molecular level. The importance of segmentation was underlined by
mutagenesis screens in Drosophila, which revealed the hierarchy of transcription factors and
signalling proteins involved in establishing the embryonic bauplan (Lawrence, 1990).

1.2.1. Establishment of segment identity in Drosophila embryos.

The body of adult Drosophila displays the characteristic segmental organisation of
insects. These segments are specified by the action of a number of different classes of genes,
which interpret the gradients of maternal genes, like bicoid (St Johnstone and Niisslein-
Volhard, 1992). Bicoid acts as a true morphogen, as activation of different gap genes
depends on the amount of bicoid protein present in a domain. The zygotic gap genes, in
turn, act to further regionalise the embryo by activating the pair rule genes. The gap genes
also act upon each other to refine their expression domains and therefore the eventual
embryonic segments.

At this point of Drosophila development, segmentation becomes apparent through
the expression of genes. The gap genes act in combination to activate pair-rule gene
expression in seven transverse stripes along the antero-posterior (AP) axis. The pair-rule
genes, such as fushi-tarazu and even-skipped, divide the embryo into 14 parasegments. The
parasegments are also visible through the appearance of transient grooves on the surface of
the embryos after gastrulation. Regionalisation of the embryos, in the AP axis, continues
through the activation of the segment polarity genes. The segment polarity genes are
responsible for fixing parasegment boundaries and the final larval segment boundaries.

Although the Drosophila embryos is segmented, the same genes are expressed in
each of the different segments along the AP axis. The expression of gap genes is transient
and therefore no longer defines different AP values. Individual segment identity is
established through the combinatorial action of homeotic selector (HOM) genes (Lawrence
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1.0 Introduction

and Morata, 1994). The HOM genes dictate the future development of each segment by
controlling the activation of other genes throughout development. Classically HOM genes
are defined by their cluster like sequence organisation on chromosomes and by functional
studies. Loss of parasegment identity is observed upon loss of a homeotic gene function and
transformation of parasegment identity when the gene is misexpressed.

1.2.2. Segmental organisation and development of the Drosophila head.

The larval Drosophila head also shows segmental organisation at the extended germ
band stage. The head can be divided into 6 different segments but the three more posterior
segments are thought to be specialised trunk derivatives (Figl.2; Cohen and Jiirgens, 1991).
Three gap genes have been identified, which are under the control of maternal genes. The
three gap genes, orthodenticle (otd), empty spiracles (ems) and buttonhead (btd), are
expressed in overlapping domains in the larval head. Mutations in these genes leads to loss
of groups of adjacent segmental primordia with the corresponding loss of segment polarity
genes, such as engrailed and wingless (Cohen and Jiirgens, 1990).

In Drosophila and Tribolium, segmental organisation of the head and trunk differ in
one important aspect. In neither species have HOM genes been isolated, which are
responsible for establishing head segment identity. However the expression domains and
mutant phenotypes of cephalic gap gene mutants suggest they may initiate and maintain head
segment identity.

In order to explain the differences in head and trunk segmentation, Cohen and
Jiirgens (1990) proposed the combinatorial model for head development in Drosophila. The
model states that the specification of cephalic segment identity occurs through the
combinatorial expression of the gap genes. Thus the cephalic gap genes would accomplish
the functions of both trunk gap genes and homeotic selector genes. In support for this
model, ems and otd are both homeobox containing transcription factors, like the homeotic
selector genes. Although the loss of function studies support the combinatorial model, gain
of function experiments with ofd and btd do not achieve the transformation of cephalic
segment identity predicted by the model (Wimmer et al., 1997; Gallitano-Mendel and
Finkelstein, 1998).

1.2.3. Segmentation of the vertebrate forebrain.
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Figl.2. Segmentation of the Drosophila head

(A) The Drosophila head is clearly segmented at the extended germ band stage. There are
three head segments, the labral (LR), antennal (AN) and intercalary (IC). The three posterior
segments, the mandibular (MD), maxillary (MX) and labial (LI), are thought to be
specialised trunk segments. The black spots in the segments indicate the anlagen of sense
organs. (B) A schematic representation of gene expression and head segment identity reveals
that the cephalic gap genes are expressed in overlapping territories in the head segment
primordia. The cephalic gap genes are orthodenticle (otd), empty spiracles (ems) and
buttonhead (btd). The gap genes are directly under control of the maternal gene, bicoid. The
acron and labral differ from the other head segments as they require for activity for correct
formation. The ? denotes the preantennal area (PC), which may be a cryptic cephalic
segment. The expression of hunchback(hb) and subsequently homeotic genes indicate that
the posterior segments are derived from special trunk segments.

Adpated from Cohens and Jurgens, 1991.
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The importance of segmental organisation in vertebrate embryonic development is
revealed by the formation of somites and rhombomeres, soon after gastrulation has been
completed. In the CNS, rhombomeric subdivisions of the hindbrain display all the features
commonly associated with segments (Guthrie, 1995; Papalopulu, 1995). The idea of
compartmentalisation underlying embryonic development was investigated by anatomists in
the last century. Recently, the criteria for segmentation has been revised to include the role
of genes in development (Lumsden and Keynes, 1989) and are as follows. First, segments
should have reiterative patterns of cellular or molecular differentiation. Second, each
segment should have a pattern of proliferation, which would correspond to particular
patterns of neurogenesis within the CNS. Third, segments should have cell lineage
restrictions, such that cells from segments do not mix. Finally, restricted gene expression
must occur within each segment.

Two general models for forebrain segmentation have been proposed and debated
amongst several authors. The columnar model was proposed by His, Herrick and
Kuhlenbeck, whilst the neuromeric model was developed by Rendahl, Bergquist, Kallen,
Vaage and others (Vaage, 1969; Kuhlenbeck, 1973; Puelles, 1987).

1.2.4. The Columnar Model.

In the His-Herrick columnar model, the CNS is divided into longitudinal columns
which are most obvious in caudal regions. In the hindbrain and spinal cord there are several
longitudinal columns, the roof plate, paired lateral plates and a floor plate. The roof and
floor plates remain thin and form non-neural ependymal elements lining the central lumen.
The lateral plates thicken and are divided into alar and basal plates by the sulcus limitans.
The alar plate is the sensory (afferent) zone and the basal plate the motor (efferent) zone of
the CNS (Heijdra and Niewenhuys, 1994).

Longitudinal columns are not as obvious in rostral as caudal regions of the CNS. For
instance, the rostral extent of the alar and basal plates is not certain and may extend to the
anterior end of the neural tube (Puelles, 1987) or only as far as the midbrain. The His-
Herrick model suggests that the diencephalon is divided by three sulci into four longitudinal
zones and the telencephalon subdivided by two sulci into three longitudinal zones
(Kuhlenbeck, 1973). The uncertainty over the arrangement of longitudinal divisions has led
to criticism of the columnar model.
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A major criticism of the His-Herrick model stems from the fact that longitudinal
columns in the forebrain do not correspond to the columns in the caudal CNS. It is unclear
how such columns would independently arise at different rostro-caudal levels (Northcutt,
1995). The use of sulci to delineate divisions is also controversial, as sulci do not appear to
be reliable markers for histogenic boundaries (Northcutt and Butler, 1993).

1.2.5. Neuromeric models.

The neuromeric model suggests that the brain is subdivided by transverse furrows
along the rostrocaudal axis into segments called neuromeres. The neuromeric segmentation
of the hindbrain is most clearly understood. It has been suggested that there are between six
and eight neuromeres (rhombomeres) in the hindbrain (Kuhlenbeck, 1973, Lumsden and
Keynes, 1989). These rhombomeres are transient developmental structures, which were
previously thought to be artefacts of no functional importance. However, the identification
of serially repeated brainstem neurons (Trevarrow et al,, 1990) and of the rhombomeric
origin of branchiomeric cranial nerves (Gilland and Baker, 1993) led to the recognition that
the rhombomeres are important developmental structures (Lumsden and Krumlauf, 1996).

In fulfilment of the criteria for true segmental organisation, rhombomeres have been
shown to be sites of organised cell proliferation (Guthrie ef al., 1991; Wulliman and Puelles,
1999), to be sites of cell migration (Puelles, 1987; Figdor and Stern, 1993), have boundaries
that restrict cell mixing (Fraser et al., 1990) and specific gene expression (Wilkinson et al.,
1990). Rhombomeres may acquire their distinct characteristics through rhombomere specific
cell adhesion, potentially mediated by Eph signalling (Cooke et al., 1999).

Segmental organisation of the forebrain has been mostly studied in rodents and most
of the following data presented will relate to how the rodent forebrain is thought to be
regionalised into neuromeres. Initially it was suggested that there were three prosomeres in
the forebrain, corresponding to the telencephalon, diencephalon and pretectum. Subsequent
models sub-divided the telencephalon (the secondary prosencephalon) into three
prosomeres. The most recent prosomeric neuromeric model distinguishes six neuromeres,
otherwise known as prosomeres, in the forebrain (Puelles and Rubenstein, 1993). The
diencephalon is divided into six prosomeres (p1-6), of which the last three also extend into
the telencephalon (Figl.3A). Alternative neuromeric models of the forebrain have also been
proposed (Figdor and Stern, 1993) but currently the prosomeric model championed by
Puelles and Rubenstein is the most favoured forebrain segmentation model. In the following
sections, I will analyse the prosomeric model using the segmental criteria described above.
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Figl.3. Different models for the segmental organisation of the forebrainA schematic
diagram illustrating the positions of the six prosomeres, as proposed by Puelles, Rubenstein
and colleagues, along with the gene expression boundaries in a E10.5 mouse embryonic
brain. The provisional transverse and longitudinal boundaries are drawn in thick black lines
and the six genes shown are Dix2, Gbx2, Nkx2.1, Nkx2.2., Otx2 and Shh. The positions of
the neuromeres in the midbrain and hindbrain are also shown. In comparison, Figdor and
Stern describe the position of four neuromeres shown in (B). The neuromeres described
were delineated using morphology, cell lineage restriction and gene expression. (C) In the
zebrafish, neuromeres have been proposed to be organised in a radial, rather than transverse,
fashion. The radial organisation is particularly striking in the telencephalon. Abbreviations: a,
alar plate, b, basal plate, fp, floor plate, m, mesencephalon-midbrain, p, prosomere, r,
rhombomere, rp, roof plate, os, optic stalk.

Adapted from Rubenstein et al., 1994; Papalopulu, 1995; Wilson et al., 1997.
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