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shows long distance spacing between vsx1:GFP-expressing cells and through
development further cells begin to express this gene, appearing to fill in the gaps.... 70

Supplementary Movie 6-1: Mosaically labelled cells overexpressing DN-Su(H) differentiate
as vsx1:GFP progenitors and undergo the T-shaped morphological transition. Time-
lapse movie of Tg(vsx1:GFP) (green cytoplasm) embryos with mosaically labelled

cells expressing membrane-GFP, nuclear-RFP and DN-Su(H). 12 mins/frame. .......... 236
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ABSTRACT

Non-apical neuronal progenitors divide at a distance from the ventricle and are thought to be
responsible for the expansion of the cerebral cortex during mammalian evolution. Non-apical
progenitors are also present in non-cortical regions and non-mammalian species, but their
function in these regions is less well understood. Non-apical progenitors have not been widely
studied in zebrafish. The aim of this thesis is to characterize non-apical neuronal progenitors
during zebrafish embryonic development and investigate the mechanisms regulating their

generation and distribution.

We have identified a varied population of non-apical divisions using immunohistochemical
analysis of mitotic cells throughout early zebrafish development. In the spinal cord, non-apical
divisions appear to be highly spatially restricted and express either vsx/ or olig2. In the
hindbrain, these non-apical divisions are seen in different spatial compartments and the majority
express vsx/. We have also observed a small number of non-apical divisions in the
telencephalon, the analogous structure to the mammalian cortex, although coexpression with
vsxI in this region is rare. Therefore, similar to mammalian brains, our data shows that diverse
subpopulations of non-apical neuronal progenitors are generated during zebrafish embryonic
development. Our data also suggest that non-apical progenitors share features of their
differentiation with neurons; they express the early neuronal marker HuC/D, they require aPKC
to differentiate (Alexandre et al. 2010) and are regulated by Notch signalling. These findings
might provide insights into the evolution of non-apical progenitors in the zebrafish neural tube

as well as mammalian species.

To further understand the development of vsx/ non-apical progenitors I carried out a time-lapse
analysis of neuronal differentiation in the Tg(vsx/:GFP) line. This revealed that initial vsx/
progenitors appear in a long-distance spacing pattern and subsequent vsx/ progenitors
differentiate in the intervening space. This pattern forms independently of mesoderm-derived
signals. By quantifying the spatiotemporal dynamics of this pattern as it forms, I found that two
progenitors are unlikely to differentiate close in time and space. High-resolution imaging of
non-apical progenitors during the differentiation process revealed that they extend transient
processes along the basal surface (basal arms) that retract before division. We propose that these
transient basal arms deliver long-distance inhibitory signals to self-organise the differentiation
of vsx/ progenitors, similar to a mechanism known to pattern neuronal cells in Drosophila
(Cohen et al. 2010; De Joussineau et al. 2003). I have tested and refined this hypothesis by
generating a simple model using quantitative data regarding the pattern formation and the
dynamics of basal arms. These data provide the first detailed insight into spatiotemporal

dynamics of neurogenesis in the zebrafish spinal cord.
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CHAPTER 1
GENERAL INTRODUCTION
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1 General Introduction

Diverse populations of neural progenitors give rise to the vertebrate brain. These progenitors
can vary in terms of their proliferative and neurogenic capacities as well as the neuronal types
that they generate. Therefore, the behaviour and daughter cell fate of neural progenitors has to
be tightly controlled to regulate brain growth and development. In the vertebrate neural tube, the
primary location of neurogenesis is the ventricular, or apical, surface. However, in the
developing mammalian cortex progenitors that divide at a distance from the apical surface
(referred to in the literature as basal progenitors, but in this thesis as non-apical progenitors) are
common and are thought to play a key role in the evolutionary expansion of the forebrain. Non-
apical progenitors are found in non-mammalian and non-cortical regions, although in smaller
numbers, and the role of these cells here is less well understood. In this thesis, I have studied the
distribution and regulation of non-apical progenitors during embryonic neurogenesis in the

teleost model organism, Danio rerio (zebrafish).

In this chapter, I give an overview of the current knowledge of the contribution of different
subtypes of neuronal progenitors to neurogenesis and how the production of neuronal
progenitors is regulated in time and space. This review focuses on the neurogenesis in the

mammalian cortex and zebrafish neural tube.

1.1  Early brain development

1.1.1 Neural induction

The vertebrate central nervous system arises from the neuroectoderm, which is specified from
the ectodermal layer from the beginning of gastrulation by BMP antagonists, including Noggin,
Follistatin and Chordin (reviewed in Stern 2005, Gaspard & Vanderhaeghen 2010 and Schmidt
et al. 2013). These molecules are secreted by the dorsal lip of the blastopore, called Spemann’s
organiser in Xenopus (reviewed in Streit & Stern 1999; Stern 2005), Hensen’s node in birds and
mammals (Anderson et al. 2002) and the shield organiser in zebrafish and other teleosts
(Oppenheimer 1936; Shih & Fraser 1996; Saude et al. 2000). This process of specifying neural
tissue by the inhibition of BMP signalling is referred to as the default model of neural induction
(Figure 1-1A and B). Spemann’s organiser is sufficient to induce the whole neuraxis n
Xenopus, however in mammals, birds and zebrafish neural induction by BMP inhibition only
generates primitive neural tissue with rostral characteristics (Stern 2005; Gaspard &
Vanderhaeghen 2010). The mechanisms that act to induce posterior identity in the tissue are less
well understood but roles have been suggested for retinoic acid (RA), FGF, TGF-f and Wnt
signalling (Kim et al. 2000; Kiecker & Niehrs 2001; Houart et al. 2002; Kudoh et al. 2002;
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Nordstrom et al. 2002; Dorsky 2003; Ciani & Salinas 2005; Price et al. 2011). The signalling
molecules involved in these pathways are expressed in caudal regions and rostral tissue
identities are protected by expression of antagonists (Bouwmeester et al. 1996; Piccolo et al.
1999; Kiecker & Niehrs 2001; Houart et al. 2002; Diez del Corral & Storey 2004; Hernandez et
al. 2007; Schmidt et al. 2013). Therefore, the complex interaction between a number of
signalling pathways is required to ‘induce’ the pre-neuronal tissue. Similar conditions can be
used to generate the full range of neuronal stem cells in vitro (reviewed in Gaspard &

Vanderhaeghen 2010).

A
) Animal
Ventral Dorsal
| Spemann’s
| organiser
Vegetal
B) o :
Epidermis < Neural tissue
Chordin
Noggin
Follistatin
BMP4

Figure 1-1: Neural induction: The default model. A) A blastula stage Xenopus embryo showing
Spemann’s’ organiser, and the prospective neural tissue (blue) and epidermis (brown). The yolky
endoderm is shown in beige. B) The genetic interactions proposed by the model. Ectodermal cells have an
autonomous tendency to differentiate into neural tissue, but are inhibited from doing so by BMP4 and are
specified as epidermis instead. The organiser secretes BMP antagonists (red), which allow cells to

develop according to their ‘default’ fate. (Adapted from: Stern 2005; Streit & Stern 1999.)
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1.1.2 Neurulation in amniotes and teleosts

After the process of specifying the neural plate (a dorsal epithelial sheet that forms the neural
primordium) the neuroepithelial tissue undergoes drastic morphological changes. In the
majority of vertebrates, the neural plate undergoes neurulation in one of two ways to form a
neural tube. Primary neurulation involves the lateral edges of the neural plate folding to fuse
dorsally, sometimes via one or more hinge points (Copp & Greene 2009). In secondary
neurulation, a mesenchymal population first forms a solid rod of cells that then cavitates to form

a neural tube.

Teleost neurulation occurs via an independent process (reviewed in Lowery & Sive 2004). First,
the neural plate condenses medially and sinks into the embryo to form the neural keel. The
neuroepithelial cells then interdigitate across the midline forming a solid neural rod and
establish mirror-symmetric microtubule network about the plane of the presumptive midline
(Buckley et al. 2013). Apicobasal polarity is obvious at neural plate stages in avian and
mammalian embryos however, in the zebrafish neural tube apicobasal polarity is not established
until late neural rod stages, (Buckley et al. 2013; Geldmacher-Voss et al. 2003). The cells in the
neural rod then undergo a midline crossing division (C-division) during which apical polarity
proteins accumulate at the presumptive midline (Tawk et al. 2007; Geldmacher-Voss et al.
2003; Papan & Campos-Ortega 1994; Buckley & Clarke 2014). This generates a polarised
tissue with daughters from C-divisions connected at the apical surface and stretching to contact
both basal sides of the tube (Clarke 2009; Buckley et al. 2013). C-divisions are involved in
instructing the location of the midline and have been shown to increase the efficiency of lumen
opening, but are not required for the development of apicobasal polarity in the tissue (Buckley
et al. 2013; Buckley & Clarke 2014). Instead, signalling from extracellular matrix components
of the basal lamina is thought to direct the polarisation of cells within the neural rod (Buckley et

al. 2013; L. Ward et al, in preparation).

In both amniotes and teleosts, these morphological events result in a tube structure composed of

a single layer of epithelial cells (neural tube).

1.1.3 Patterning the dorsoventral axis of the neural tube

The suite of signalling molecules that induce the full neuraxis (i.e. RA, FGF, TGF-3 and Wnt)
are also involved in regionalisation of the neural tube along the anteroposterior axis (reviewed
in Kiecker & Lumsden 2005). The most relevant patterning event for this thesis is how the
progenitor domains of the ventral spinal cord are established. The ventral progenitor domains
(p3, pMN, p0, pl and p2, from ventral to dorsal; Figure 1-2C) predominantly give rise to the

motor and proprioceptive circuitry of the vertebrate spinal cord (Jessell 2000). These domains
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are induced and patterned by graded sonic hedgehog (Shh) signals originating from the
notochord and floor plate (Figure 1-2B; reviewed in Jessell 2000; Wilson & Maden 2005;
Briscoe & Thérond 2013). Two classes of transcription factors are activated in response to Shh
signals: (1) the expression of Class I (Pax6, Irx3, Dbx1 and Dbx2) genes is repressed by specific
levels of Shh activity; while (2) the expression of Class Il genes (Nkx6, Nkx2.2) is activated at
specific Shh signalling levels (Figure 1-2A). Cross repression between Class I and Class 1I
genes generates a transcriptional code that then specifies postmitotic cell types in discrete
dorsoventral domains of the spinal cord (Figure 1-2D; reviewed in Jessell 2000; Wilson &
Maden 2005). The final identity of the neuronal cell types generated within a domain is further
refined by intercellular signalling (Jessell 2000; Le Dréau & Marti 2012).

There is data from across vertebrate species that suggests Shh signalling alone is insufficient to
induce the whole range of ventral progenitor domains (Litingtung & Chiang 2000; Persson et al.
2002; Novitch et al. 2003; Diez del Corral & Storey 2004; Wilson & Maden 2005; England et
al. 2011). RA and Wnt signalling have been implicated in generating this pattern (reviewed in

Ciani & Salinas 2005), however additional signalling mechanisms might also be required to

A) B) Q D)
Progenitor Shh Progenitor Postmitotic neurons
genes gradient domains and genes

Figure 1-2: Patterning the ventral spinal cord. Schematic of a transverse section of the zebrafish
ventral spinal cord. The notochord (NC) and floor plate (FP) generate a gradient of sonic hedgehog (Shh;
shown in red; B). A number of genes are induced at different points along this gradient (A). These genes
form a code that specifies the ventral progenitor domains (p0-1, pMN and p3; C). The individual
progenitor domains each give rise to a specific population of neurons that express unique combinations of

post-mitotic genes (D; Adapted from: Ribes & Briscoe 2009; England et al. 2011).
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form this pattern. Currently, a key question in this field is how the concentration and duration of
Shh signalling can be quantitatively converted into transcriptional changes and the production
of different progenitor domains (Balaskas et al. 2012; Cohen et al. 2014; Briscoe & Thérond
2013; Cohen et al. 2013).

1.2 Neural progenitors

The process of neural induction specifies neuroepithelial cells (NE cells), which are the neural
progenitor cells that generate all of the neuronal and glial cell types that form the adult nervous
system. NE cells need to strike a balance between the generation of newborn neurons and the
maintenance of the progenitor population so that the appropriate numbers of neurons are

produced and growth can be regulated.

In order to balance the opposing need for growth and differentiation progenitors utilize different
modes of division to produce different combinations of differentiating and proliferating
daughter cells types. The first mode of division is symmetric division in which progenitors
generate equivalent daughters. Symmetric proliferative divisions, where both the daughters are
progenitors (p — p; Figure 1-3A), are a mechanism for rapid growth, as they expand the
progenitor population. Symmetric terminal divisions produce two differentiated daughters (n —
n; Figure 1-3B) and provide a fast way to increase neuronal production. An alternate mode of
division is canonical asymmetric division, where the progenitor divides to regenerate itself and
produce a differentiated daughter (n — p; Figure 1-3), thereby maintaining the progenitor
population while allowing neurogenesis. Finally, neural progenitors that are able to generate
two progenitors with different fates (e.g. one self-renewing progenitor and one neuron-
producing progenitor) produce an increased number of neurons with each apical progenitor
division (Figure 1-3D). It is likely that the regulation of growth and differentiation is region and

species specific.

The majority of our understanding of vertebrate neurogenesis comes from studies of the
mammalian neocortex, particularly rats, mice and ferrets (revieved in Paridaen & Huttner 2014),
although recent studies have used macaque and human tissue (Hansen et al. 2010; Fietz et al.
2010; Betizeau et al. 2013; Florio et al. 2015; Johnson et al. 2015). Mammalian evolution has
caused a disproportionate increase in the size of cortical regions (neocorticalisation; Florio &
Huttner 2014), culminating in humans where the neocortex represents 80% of the brain's mass
(Stephan et al. 1981; Azevedo et al. 2009). The neocortex is a six-layered structure that forms
the cerebral hemispheres in mammals and has expanded radially from a three layered structure
seen in reptiles (Figure 1-4; Tarabykin et al. 2001; Martinez-Cerdefio et al. 2006). The cortex of

mammalian species show one of two gross structures: A) smooth, or lissencephalic, cortex
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which is seen in rodents; or B) folded, or gyrencephalic, cortex seen in primates and ferrets. The
generation of gyri, or folded bulges, increases the surface area of the cortex allowing increased
numbers of neurons to be accommodated within the tissue, thereby increasing the processing
power of this region of the brain (Fietz & Huttner 2011; Lui et al. 2011; Kelava et al. 2013;
reviewed in Borrell & Gotz 2014). Gyrification is thought to be genetically encoded as the
gyrification pattern is stable between individuals and because gyrification pattern disorders exist

(Kelava et al. 2013).

The laminar structure of the neocortex develops in an inside-out manner, where early-born
neurons form the deep cortical layers (VI-IV) and late-born neurons migrate through the deep
layers to form the superficial laminae (layers III-I; Gotz & Huttner 2005; Molyneaux et al.
2007; Dehay & Kennedy 2007; Leone et al. 2008). Evidence suggests that mammalian neuronal
progenitors change competency through time to specify neurons destined for each layer (Desai
& McConnell 2000; Shen et al. 2006). This temporal pattern of neuronal subtype birth and their
self-organisation into layers has also been shown in vitro (reviewed in Gaspard &
Vanderhaeghen 2010; Gaspard et al. 2008; Eiraku et al. 2008; Lancaster et al. 2013), however a
bias exists towards the production of pyramidal cells with a deep layer identity (Gaspard et al.
2008; Eiraku et al. 2008). This suggests that some aspects of cortical cytoarchitecture can be
specified in vitro, however this ‘brain in a dish’ environment is missing cues involved in

regulating the balance of cell types produced (reviewed in Gaspard & Vanderhaeghen 2010).

In this region a number of different subgroups of neural progenitors have been characterised
based on their morphology, location of mitosis, behaviour, neurogenic potential and expression
profile (Figure 1-3E and Table 1-1; reviewed in Borrell & Gotz 2014; Florio & Huttner 2014)".
How these different populations are generated and how they contribute to neurogenesis and the

regulation of tissue size and shape is outlined here.

1.2.1 Apical progenitors

The region of the neural tube adjacent to the ventricle is the canonical location of vertebrate
neurogenesis. This apical proliferative zone, or ventricular zone (VZ), is initially populated by a
single layer of neuroepithelial cells (NE cells; Figure 1-3E and Table 1-1). NE cells are a
polarised cell type with thin radial processes extending to the apical and pial (basal) surfaces of
the neural tube (Figure 1-3E). The apical process of NE cells contacts the ventricle lumen via

their ‘apical footprint’, which is the site of accumulation of apical proteins like the Par complex

! The nomenclature used to describe different populations of neural progenitors in vertebrates is currently
a matter of debate and is complicated by the growing knowledge of these cells (Martinez-Cerdefio &
Noctor 2016). In this thesis, I will use the terms from a recent review from the lab of Weiland Huttner
(Florio & Huttner 2014) to describe different types of mammalian neural progenitors.
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(Par-3, Par6 and aPKC), prominin-1 (CD133), ZO-1 as well as adherens and tight junctions
(Alexandre et al. 2010; and reviewed in Wodarz & Huttner 2003). The basal process extends to
the basal lamina, which contains extracellular matrix components including integrin a6, laminin
and fibronectin (reviewed in Gotz & Huttner 2005). In vivo, the basal processes of the apical
progenitors maintain contact with the basal surface and extend as the cortical plate thickens.
These long radial processes play an important role as scaffolding during radial migration of
newborn neurons from the ventricular zone to the cortical plate (Poluch & Juliano 2007). In this
axis, perpendicular to the ventricular surface, pyramidal cells and interneurons are
stereotypically arranged into columns (Rakic 2008). Each column shares functional properties
and are thought to form the computational units of the cortex (Per 2010). The neocortex is then
subdivided into areas each with a functional specialization (e.g. motor cortex, visual cortex,

etc.).

At the onset of neurogenesis NE cells convert to a related but more restricted cell type called
apical radial glial (aRG) cells, which are able to divide asymmetrically to self-renew and
generate differentiating daughter cells (Figure 1-3E and Table 1-1; reviewed in Gtz & Huttner
2005; Kowalczyk et al. 2009). The neuronal daughter cell then migrates to the basal, or pial,
surface to form the cortical plate (mantlezone) where they differentiate. One of the signals that
regulates the transition from proliferative NE cells to neurogenic aRG cells is the expression of
Fgf10 (Sahara & O’Leary 2009). aRG cells share many characteristics with NE cells, including
apicobasal polarity and the expression of some markers. However, aRG cells also express Pax6
(Englund et al. 2005), GFAP (an astroglial marker) and show loss of apical proteins (reviewed
in GOtz & Huttner 2005). Collectively, NE cells and aRG cells are called apical progenitors
(AP) as both cell types undergo mitosis at the apical surface. Apical progenitors also undergo
interkinetic nuclear migration (INM) in time with their cell cycle (reviewed in Del Bene 2011).
This asynchronous movement of cells within the epithelium gives the tissue a pseudostratified
appearance (Taverna & Huttner 2010; Spear & Erickson 2012). Single cell gene expression
profiling has shown that apical progenitor cells express genes involved in cell cycle regulation,
DNA replication, extracellular matrix components and growth factor pathways critical for aRG
cell maintenance, all ‘stem cell’ markers (Fietz et al. 2012; Johnson et al. 2015; Florio et al.

2015).

A number of studies suggest that the VZ contains two classes of apical progenitor; one that is
biased towards proliferative divisions and the other biased towards differentiative divisions
(Haubensak et al. 2004; Noctor et al. 2004; Pinto et al. 2008; Stahl et al. 2013). In mice, the
expression of the transcription factors AP2y and Trnpl can be used to discriminate between

these two populations, as AP2y is highly expressed in aRGs that generate basal progenitors
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(Pinto et al. 2008) and Trnpl is enriched in self-amplifying AP (Stahl et al. 2013). Further
studies are needed to fully understand the molecular control of the proliferative to neurogenic

shift in the whole tissue and in single cells.

1.2.1.1 Apical intermediate progenitors and subapical progenitors

NE and aRG cells, as described above, represent the majority of the progenitors in the VZ of the
embryonic cortex, however two minor populations of progenitors have also been described. The
first population displays a truncated basal process terminating in the intermediate zone at
mitosis (Gal et al. 2006; Kowalczyk et al. 2009; Tyler & Haydar 2013). These apical
intermediate progenitors (alPs; also referred to as short neuronal precursors; SNPs)
downregulate astroglial markers, express the neuronal marker tubulin a-1 (Tal; Gal et al. 2006),
retract their basal process before division and undergo a single differentiating division (Gal et
al. 2006; Stancik et al. 2010; Tyler & Haydar 2013). The other minor population maintains
contact with the apical surface but divides away from it, in the VZ or SVZ (Pilz et al. 2013).
These cells are referred to as subapical progenitors but much less is known about the cell
biology and expression profile of this cell type (Florio & Huttner 2014). Subapical progenitors
are relatively rare in the developing neocortex but represent a significant proportion of the
mitotic cells in the ganglionic eminences (Pilz et al. 2013). The developmental role of these

subtypes of apical progenitors is currently unknown.

1.2.1.2 Expansion of the apical progenitor pool and neocorticalisation

Rakic described the cortex as ‘radial units’ (Rakic 1995), where neurons generated from a single
apical progenitor form an ‘ontogenetic column’ of radially aligned, clonally related cells
(reviewed in Florio & Huttner 2014). According to his radial unit hypothesis, the number of
units (or founder aRG cells) determines the surface area of the tissue while the number of
neurons in each radial unit determines the thickness (Rakic 1995; reviewed by Go6tz & Huttner
2005 and Borrell & G6tz 2014). Therefore, the size of the apical progenitor pool at the onset of
neurogenesis and its neurogenic capacity both influence the final number of neurons in the

cortex.

Control over the time of the onset of neurogenesis has been shown to be particularly important
in controlling the size of the tissue in the brain. Premature differentiation of apical progenitors
in vitro has been shown to lead to microcephaly (Lancaster et al. 2013). On the other hand, loss
of Fgfl0 in mouse embryos inhibits the NE to aRG cell switch, maintaining the proliferative
apical progenitor pool (Sahara & O’Leary 2009). The cortex of these specimen show increased

neuron and basal progenitor production as well as radial thickening of the tissue but these
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specimen do not form gyri (Sahara & O’Leary 2009). It has also been shown that a human-
accelerated regulatory enhancer (HARE) of Frizzled8 expands the apical progenitor population
resulting in increased cortical area and neural density in mice (Lomax Boyd et al. 2015). Again,

this larger cortex did not form any gyri.

Taken together these data show that the size of the apical progenitor pool is influential in
controlling the final size of the cortex. However, increasing the number of neurons is
insufficient to induce folding of the cortex. Furthermore, manipulations that expand the apical
progenitor pool often also result in increased ventricular surface and increased ventricle size
(Chenn & Walsh 2002; Lomax Boyd et al. 2015) which is not seen in mammalian evolution
(Rakic 2009). This data suggest that there is a biological limit placed on the expansion of the
apical progenitor pool. Therefore, alternative methods must exist to generate the increased

numbers of neurons seen in mammalian evolution.

1.2.2 Basal progenitors

From early stages of neurogenesis the mammalian cortex contains two mitotically active zones
(Smart 1973); the VZ, where apical progenitors are located, and the subventricular zone (SVZ)
(Haubensak et al. 2004; reviewed in G6tz & Huttner 2005 and Kriegstein et al. 2006). The SVZ
has been shown to arise shortly after the formation of the VZ in the mammalian cortex
(Haubensak et al. 2004; Martinez-Cerdefio et al. 2006) and can be morphologically
distinguished from other layers from E13 in mice. The SVZ of gyrencephalic species is
expanded along the apicobasal axis and can be split into the inner and outer SVZ (iISVZ and
oSVZ, respectively). The SVZ contains mitotically active cells that can be distinguished from
apical progenitors by the absence of apical processes at mitosis and, most importantly, division
away from the ventricular surface (Figure 1-3E and Table 1-1). Progenitors that undergo mitosis

at a distance from the apical surface are collectively known as basal progenitors in mammals.

The SVZ was originally thought to contribute solely to gliogenesis, however dividing basal
progenitors in the SVZ have been shown to produce daughter cells with cortical neuronal
identities (Tarabykin et al. 2001; Haubensak et al. 2004; Noctor et al. 2004; Attardo et al. 2008;
Kowalczyk et al. 2009). These data confirmed that basal progenitors are cortical neuron
progenitors during embryonic neurogenesis and further data has shown that by mid-stages of
neurogenesis the SVZ has overtaken the VZ as the main source of newborn cortical neurons
(Haubensak et al. 2004; Martinez-Cerdefio et al. 2006; Kowalczyk et al. 2009). Further
investigation has identified two class of basal progenitor in the developing neocortex: basal

intermediate neuronal progenitors and basal radial glia.
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1.2.2.1 Basal intermediate neuronal progenitors

Basal intermediate neuronal progenitors (bIP) were first identified in the SVZ of lissencephalic
mammals (Noctor et al. 2004; reviewed in Florio & Huttner 2014). These neural progenitors
lack apicobasal polarity at division (Attardo et al. 2008). The majority of bIP divisions (~90%)
in the murine neocortex generate two daughter neurons and, therefore, are referred to as
neurogenic bIP (Figure 1-3E and Table 1-1; Noctor et al. 2004; Haubensak et al. 2004; Miyata
et al. 2004; Kowalczyk et al. 2009; Mizutani et al. 2007; Attardo et al. 2008; Sessa et al. 2008;
Vasistha et al. 2015; and reviewed in Florio & Huttner 2014). This population of basal
progenitors transiently express the T-box transcription factor Tbr2 (Englund et al. 2005; Sessa
et al. 2008; Arnold et al. 2008), which is required for production of bIP from aRG (Arnold et al.
2008), and higher levels of the neurogenic bHLH transcription factor Ngn2 (Miyata et al. 2004).
bIPs do not express the apical progenitor marker Pax6 nor Hes transcription factors (Englund et
al. 2005; Cappello et al. 2006). It has been suggested that the loss of apicobasal polarity and loss
of progenitor gene expression might explain the limited self-renewal potential of this population
of progenitors, suggesting that bIPs are a more restricted subtype of neuronal progenitors

compared to apical progenitors (reviewed in Florio et al. 2015 and Johnson et al. 2015).

In gyrencephalic species, the iSVZ contains Tbr2-expressing bIPs as well as a number of non-
polar basal progenitors that are able to undergo multiple rounds of self-amplifying divisions
(Hansen et al. 2010; Lui et al. 2011; Fietz et al. 2012; Stenzel et al. 2014). These progenitors are
called proliferative bIP (Florio & Huttner 2014).

The mechanisms that regulate the production of basal progenitors in the mammalian neocortex
are currently unknown. It is also not yet clear what in regulatory mechanisms lead to the

differences between proliferative and neurogenic bIP.

1.2.2.2 Basal radial glia

The outer SVZ of gyrencephalic species contains a population of dividing cells that do not
contact the apical surface at mitosis and, unlike bIP, show cell polarity (Lukaszewicz et al.
2005; Dehay & Kennedy 2007; Hansen et al. 2010; Fietz et al. 2010; Reillo & Borrell 2012;
Betizeau et al. 2013). These progenitors are capable of undergoing multiple rounds of cell
division to self-renew and produce differentiated cell types (Hansen et al. 2010; Betizeau et al.
2013). These progenitors also express Sox2, Pax6, nestin and GFAP (all markers of aRG cells)
but not Tbr2 (Fietz et al. 2010; Hansen et al. 2010; Fietz & Huttner 2011; Reillo & Borrell
2012). Therefore, this population of cells share a number of characteristics with aRG cells and,
as such, is referred to as basal radial glia (bRG; previously known as oSVZ radial glia-like

(oRG) cells; Hansen et al. 2010; Fietz et al. 2010; Betizeau et al. 2013; Figure 1-3E and Table
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1-1). Analysis of the transcriptome of aRG and bRG showed that both cell types express similar
sets of genes and that both have transcriptional profiles that are distinct from that of neurons
(Florio et al. 2015; Johnson et al. 2015). In the embryonic murine cortex a small population of
bRG are present however, the bRG have a diminished proliferative potential and their

transcriptome most closely resembles that of neurons (Florio et al. 2015; Johnson et al. 2015).

Initially, bRG were reported to possess a basal process and to be in contact with the basal
laminae, however recent data from macaque embryos showed variations in morphology within
the population of bRG, with examples of cells possessing apically and/or basally-directed
processes (Betizeau et al. 2013). Therefore, bRG can be categorised based on their morphology
as bRG-basal-P (process), bRG-both-P or bRG-apical-P and a complex lineage relationship
exists between the classes (Betizeau et al. 2013; reviewed in Florio & Huttner 2014). bRG have
been shown to undergo asymmetric divisions, generating a self-renewing bRG cell and either a
neuron or bIP (both neurogenic and proliferative; Hansen et al. 2010; X. Wang et al. 2011;
Betizeau et al. 2013). Further work is required to understand the functional significance of the

morphological varieties of bRG.

In summary, due to their high proliferative capacity bRG are capable of drastically increasing
neuronal output. The ability to expand the neuronal population is thought to be particularly
important in the evolution and development of the human brain (Lui et al. 2011). This is

discussed in detail below.

1.2.2.3 Role of basal progenitors in the expansion of the mammalian neocortex

In order to overcome the limitations to expansion of the VZ (see section 1.2.1.2), a secondary
germinal zone, the SVZ, containing basally dividing progenitors is generated in mammals
(reviewed in Kriegstein et al. 2006; Borrell & G&tz 2014; Florio & Huttner 2014). The ability to
produce a second type of progenitor ensures the maintenance of the apical progenitor pool,
allowing an extended period of neurogenesis and growth, while still increasing production of
neurons (reviewed in Lui et al. 2011). The neuronal output can be greatly increased if the basal

progenitor undergoes self-amplifying divisions (reviewed in Lui et al. 2011).

Interestingly, radial expansion of the ancestral mammalian cortex to a 6 layered structure arose
along side the generation of the SVZ, containing bIP (Martinez-Cerdefio et al. 2006).
Furthermore, in gyrencephalic mammals, including humans, macaques and ferrets (Hansen et al.
2010; Fietz et al. 2010; Betizeau et al. 2013), the SVZ is substantially larger than in the mouse
and is further divided into the inner iSVZ and the outer oSVZ around midgestation (Smart

2002). From these correlations it has been hypothesised that basal progenitors produce the large
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numbers of neurons that drove the evolutionary expansions that led to 1) the 6-layered cortex

and 2) gyrencephaly (reviewed in Florio & Huttner 2014; Borrell & Go6tz 2014).

Two hypotheses have been put forward to explain how basal progenitors might underlie
gyrification. First, it has long been known that regions of the developing cortex that go on to
form gyri contain larger numbers of basal divisions (Smart 1972a; Smart 1972b). This
observation led to the intermediate progenitor hypothesis which states that folding of the pial
surface can be generated by locally altering the numbers of IP (Kriegstein et al. 2006); a region
with a high density of basal progenitors will form a gyri and the adjacent region with lower
levels of basal divisions will form a sulcus. Nonaka-Kinoshita and colleagues tested this idea by
overexpressing the Cdk4/cyclinD1 complex to force bIP cells in the mouse cortex to re-enter the
cell cycle. The cortex of these animals showed lateral expansion but the radial thickness of the
tissue did not change, nor did the manipulation lead to the generation of gyri. This result
suggests that the number and proliferative capacity of bIP does impact the size of the cortical

tissue but does not play a role in gyrification.

The second hypothesis, known as either the tangential divergence hypothesis (Borrell & Gotz
2014) or the radial cone hypothesis (Florio & Huttner 2014) is based on the identification of
bRG as the major population of basal progenitors in gyrencephalic brains. bRG are
characterised by their high proliferative capacity and the maintenance of their basal process and
basal attachment (Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011; Betizeau et al. 2013).
The radial cone hypothesis proposes that the basal processes of bRG cells in the oSVZ add
radial fibres to the pre-existing scaffolds, allowing a fanlike tangential expansion of the basal
surface (Figure 1-4C; Lui et al. 2011; Reillo et al. 2011; Reillo & Borrell 2012; Kelava et al.
2013; Lewitus et al. 2013). This suggests that the radial unit in gyrencephalic species is not a
column, but a cone. This hypothesis is strongly supported by work from the Gotz lab, which
shows that that folding of the basal surface of the cortical plate can be achieved in the mouse
neocortex through the shRNA-induced silencing of the transcription factor Trnpl, which
increases the population of Tbr2-expressing bIP and bRG (Stahl et al. 2013). This study
strongly implicates bRG specifically in the formation of a folded neocortex. Evidence for the
role of bRG in the evolution of the human cortex has also been reported by the Huttner lab,
which identified a human-specific gene that is enriched in aRG and bRG, ARHGAPIIB (Florio
et al. 2015). The molecular function of this gene is not yet understood, but its overexpression in
mouse cortical progenitors promotes basal progenitor production and self-amplification,
thickening the SVZ and resulting in the formation of folds in the cortical surface (Florio et al.

2015). Taken together these data show that bRG are capable of high levels of neuron production
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as well as providing a scaffolding to support neuronal migration and enable tangential growth of

the cortical tissue, leading to gyrification.

In summary, basal progenitors in the mammalian cortex are able to generate large numbers of
neurons, which ultimately leads to a radial thickening of the tissue. Current data suggests that
bRG provide extra radial glial scaffolding to support the tangential expansion of the cortical
plate. Therefore, basal progenitors were fundamental to the evolutionary expansion of the

mammalian neocortex.

Table 1-1: Comparison of the cell biological features of neural progenitors in the mammalian
neocortex. (Adapted from Florio & Huttner 2014). Brackets indicate a minor population that express that
gene. NE: neuroepithelial cell; aRG: apical radial glial cell; alP: apical intermediate progenitor; bIP: basal
intermediate progenitor (N: neurogenic; P: proliferative); bRG: basal radial glia; P: directed process (see

Betizeau et al. 2013).

Apical progenitors Basal progenitors
bRG
NE | aRG alP bIP
Basal-P Apical-P Both-P
Location of
Apical surface SVZ/iSVZ oSVZ
mitosis
Apical domain
Yes No No
at mitosis
Basal contact
Yes No No Yes/No No Yes/No
at mitosis
Process Basal and
Apically
retention at Basal No No Basal apically
directed
mitosis directed
Cell polarity at | Apical and Pseudo- Basal and
Apical No Basal
mitosis basal apical pseudo-apical
Pax6/Tbr2
Pax6 Tbr2 (Pax6) Pax6 (Tbr2)
expression
Astroglial
No Yes No No Yes
markers
Proliferative N bIP | P bIP
Yes No Yes
potential No Yes
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Figure 1-3: Modes of division and progenitor cells in the mammalian cortex.A-D) Schematic of the
different modes of division. Neuronal progenitors (green cells) can divide symmetrically to generate two
progenitors (p — p; A) or two neurons (n — n; blue cells, B). Alternatively, the progenitor can undergo an
asymmetric division to produce a self-renewed progenitor and a differentiating neuron (p — n; C). It is
also know that neuronal progenitors can divide asymmetrically to generate differently fated progenitors,
one that is characteristically similar to the mother cell and another with more limited proliferative
potential (pl — p2; D). In D, the second type of progenitor (orange cell) undergoes a single round of
division, generating two neurons. E) Simplified overview of the subtypes of neural progenitor cells in the
developing mammalian neocortex. Prior to the onset of neurogenesis the neural tube is composed of NE
cells, which mostly undergo proliferative divisions. When neurogenesis begins, NE cells convert into
aRG cells, which are capable of self-renewal, neurogenesis and producing basal progenitors. NE cells and
aRG cells are collectively called apical progenitors because they divide at the apical surface in the VZ.
There are two classes of basal progenitors in the developing neocortex: bIP and bRG. bIP are located in
the SVZ of lissencephalic species and the inner SVZ of gyrencephalic species. They mostly undergo
symmetrical divisions generating two neuronal daughters, but some can undergo self-renewing divisions.
bRG are mostly found in the outer SVZ of gyrencephalic species. bRG are a highly proliferative
population and can give rise to more bRG, bIP cells as well as neurons. Newborn neurons migrate basally
to the CP where they differentiate. During late stages of neurogenesis, aRG cells begin to generate glial
cell types. NE: neuroepithelial cell; aRG: apical radial glial cell; bIP: basal intermediate progenitor; bRG:
basal radial glia; VZ: ventricular zone; SVZ: subventricular zone; CP: cortical plate; 1Z: intermediate
zone. Green cells represent apical progenitor cells (NE and aRG cells); orange cells present basal
progenitor cells (bIP and bRG); newborn neurons are shown in dark blue and astrocytes in light blue

(adapted from (Tiberi et al. 2012).
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Figure 1-4: Axes of expansion. The cortical tissue can grow on a number of axes. A) Growth along the
apicobasal axis is referred to as radial expansion. B) Growth perpendicular to the apicobasal axis, i.e. in
the plane of the neuroepithelium, is referred to as lateral expansion. C) Differentiatial growth of the basal
surface, compared to the apical surface is called tangential expansion. Neuroepithelial cells are shown in

grey, with a radial process contacting the basal surface. The cortical plate is shown in orange.

1.2.3 Neural progenitors in zebrafish embryonic development

In zebrafish embryonic development, neuroepithelial cells expressing proneural genes are
present from late gastrulation stages, when the neural plate first forms (reviewed in Schmidt et
al. 2013). At this stage the neural tissue does not display apicobasal polarity and the progenitor
cells mostly undergo symmetrical proliferative divisions (p — p; Kressmann et al. 2015). After
the tissue has become polarised and neural tube has formed, zebrafish neuroepithelial undergo
interkinetic nuclear migration, and transform into GFAP-expressing aRG cells that undergo
mostly asymmetric divisions (Lyons et al. 2003; Bernardos & Raymond 2006; Kim et al. 2008;
Esain et al. 2010; Alexandre et al. 2010; Kressmann et al. 2015). Previous work by the Clarke
lab and others has shown that zebrafish apical progenitors in the spinal cord and hindbrain are
able to divide either to produce two progenitors (p — p), a neuron and a progenitor (p — n) or two
neurons (n — n; Lyons et al. 2003; Alexandre et al. 2010; Kressmann et al. 2015). In late

embryonic stages these progenitors begin to generate glial cells (Park et al. 2002; Park et al.
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2004; Lee et al. 2010) as known in mammals (Campbell & G6tz 2002), while some NE cells are
maintained in specific regions to contribute to adult neurogenesis (Schmidt et al. 2013;

Furutachi et al. 2015).

In summary, the apical neural progenitor cells that comprise the zebrafish neural tube share
many characteristics with those found in the mammalian species (see section 1.2.1). This

suggests that the characteristics of apical progenitors are conserved across vertebrate species.

1.2.3.1 Non-apical progenitors in the zebrafish neural tube

Like the developing mammalian neocortex, the zebrafish neural tube is functionally polarised
along the apicobasal axis with the apical VZ acting as the location of progenitor divisions and
the basal marginal zone specialised for neuronal differentiation. The VZ of the zebrafish neural
tube appears as a one cell thick structure that is tightly packed with nuclei. The rest of the tissue
does not have obvious cytoarchitectural subdivisions as is seen in the mammalian neocortex.
Specifically, zebrafish and other non-mammalian species do not contain a morphological SVZ
(Martinez-Cerdefio et al. 2006). However, small numbers of non-apically dividing cells have
been seen in the developing nervous system of non-mammalian species, including turtles
(Martinez-Cerdefio et al. 2006), chicken (Nomura et al. 2016) and zebrafish (Kimura et al.
2008; Lee et al. 2010) embryos. In the embryonic zebrafish spinal cord neuronal progenitors
have been observed dividing at a distance from the apical surface from early developmental
stages (17 hpf; Kimura et al. 2008) and non-ventricular dividing progenitors are seen again

during gliogenesis (Lee et al. 2010).

Divisions that occur at a distance from the apical surface in the mammalian neocortex are often
referred to as basal progenitors. This is not the most accurate description of these cells as they
undergo mitosis at a distance from both the apical and basal surfaces. For this reason this
divisions are sometimes referred to as abventricular or non-surface progenitors in the
mammalian literature (Noctor et al. 2004; Miyata et al. 2004). However, as some non-apical
divisions in the zebrafish neural tube divide near or at the basal surface (see Chapter 3), this
term is not accurate in the zebrafish neural tube. Therefore, I will refer to all divisions in the
zebrafish neural tube that do not divide at the apical surface as non-apical divisions and

progenitors.

Currently, the only characterised population of neurogenic non-apical progenitors in the
zebrafish spinal cord express vsx/ and have been shown to undergo terminal divisions to
generate differentially fated daughter cells, V2a and V2b neurons (Kimura et al. 2008; Okigawa

et al. 2014). These data suggest that vsx/-expressing non-apical progenitors are similar to
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terminally dividing bIPs in the mammalian brain (Kimura et al. 2008). Mammalian bIPs are
known to express Tbr2 and, although there is a Tbr2 orthologue in the zebrafish (Tbr2/eomesa),
the expression of this gene is largely limited to post-mitotic neurons in a small frontal region of
the telencephalon (olfactory bulb; K. Arkoudi and J. Clarke, unpublished; Mione et al. 2001;
Mueller et al. 2008; Ganz et al. 2014). Non-apical glial progenitors (oligodendrocyte precursor
cells; OPCs) are also known to exist in zebrafish neural tube and divide in a dorsal region of the

neural tube from approximately 60 hpf (Lee et al. 2010).

It is not known if other populations of neurogenic basal progenitors exist in the developing

zebrafish central nervous system.

1.3  Regulating the spacing of neurons and neurogenesis

It is known that a large variety of mechanisms pattern and space neurogenesis during

development. Here I give an overview of the mechanisms most relevant to this thesis.

1.3.1 Delta Notch signalling

Delta Notch signalling is a fundamental mechanism for regulating the production of neurons
within the neuroepithelium. This system was first described in Drosophila and homologues
have since been identified in vertebrates, including mice (Chenn & McConnell 1995), chicken
(Henrique et al. 1995), Xenopus (Chitnis et al. 1995) and zebrafish (Dornseifer et al. 1997,
Appel et al. 2001). Activated Notch signalling inhibits neurogenesis and allows the
neuroepithelium to maintain a population of dividing neuronal progenitor cells. The Delta
Notch pathway is now known to play multiple roles in neurogenesis by regulating progenitor

proliferation, differentiation as well as specifying neuronal cell fate.

Delta and its receptor Notch are both membrane bound proteins and the interaction between
Delta on one cell and Notch on its neighbour results in the cleavage of Notch intracellular
domain (NICD; Figure 1-5). NICD is then transported into the nucleus of the signal-receiving
cell where it interacts with a complex of co-activators, including CSL (named after
CBF1/RBPjk in mammals, Drosophila suppressor of hairless (Su(H) and Lag-1 from
Caenorhabditis elegans; Johnson & Macdonald 2011; Hori et al. 2013; D’Souza et al. 2008;
Louvi & Artavanis-Tsakonas 2006; Bray 2006) and Mastermind (Mam; Hori et al. 2013; Louvi
& Artavanis-Tsakonas 2006; Bray 2006; Figure 1-5). This complex then acts to promote the
expression of basic Helix-Loop-Helix (bHLH) transcription factors, for example, genes in the
enhancer of split complex (E(Spl)-C; Wettstein et al. 1997) in Drosophila or the hairy and
enhancer of split (HES) and HES-related (HER) family of genes in vertebrates. These bHLH

transcription factors inhibit the transcription of proneural genes in the achaete scute, neurogenin
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and atonal families (Campos-Ortega & Jan 1991; Figure 1-5). In this way, Delta applies an
inhibitory signal to the neighbouring cell, suppressing it from developing into a neuron. This

signalling pathway is known as lateral inhibition.

This pathway is self-reinforcing as activated Notch also down regulates Delta, impeding the
signal-receiving cell from signalling back to its neighbours (Artavanis-Tsakonas 1999). In
Drosophila, where Delta and Notch are expressed uniformly throughout the neuroepithelium, it
is thought that neurons escape from lateral inhibition though a positive feedback loop
amplifying transcriptional differences between neighbouring cells, selecting one as a nascent
neuroblast. This eventually results in the nascent neuroblast expressing higher levels of Delta
compared to surrounding cells, thereby supplying increased inhibition to its neighbours while
itself receiving reduced inhibition (Figure 1-5; Haddon et al. 1998). This process results in a
signal-sending cell inhibiting its direct neighbours from adopting the same cell fate and

generates a salt-and-pepper pattern of neuroblasts within the neuroepithelium.

The core elements of the Notch signalling pathway are conserved through evolution (Hori et al.
2013; D’Souza et al. 2008; Louvi & Artavanis-Tsakonas 2006; Bray 2006). Activated Notch
signalling has been shown to inhibit neurogenesis, in favour of progenitor cell maintenance in
the retina of Xenopus Laevis (Coffman et al. 1993; Dorsky et al. 1995), the murine forebrain
(Chenn & McConnell 1995; Ishibashi et al. 1994; Ohtsuka et al. 2001; Sakamoto et al. 2003;
Kawaguchi et al. 2008) and the zebrafish neural tube (Appel et al. 2001; reviewed in Pierfelice

et al. 2011). This suggests the Notch signalling pathway is also functionally conserved.

Delta Notch signalling is known to impact multiple events during development and can act in a
context dependent manner (Schwanbeck 2015). One example of this comes from the zebrafish
spinal cord where deltaA and deltaD are required to maintain the p2 progenitor pool and deltaA
and deltaC are required for the correct cell fate assignment within V2 interneurons (Okigawa et
al. 2014). In the latter case, it is thought that Delta Notch signalling occurs within a lineage to
induce distinct neuronal fates in the daughters of vsx/ non-apical progenitors in zebrafish
(Kimura et al. 2008; Okigawa et al. 2014). Similar intralineage Delta Notch signalling has been
implicated in the regulation of daughter cell fates after progenitor divisions in the mouse
(Mizutani et al. 2007), chicken (Vilas-Boas et al. 2011) and zebrafish (Dong et al. 2012;

Kressmann et al. 2015).
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Figure 1-5: Delta-Notch mediated lateral inhibition. The interaction between Delta on one cell and
Notch on its neighbour results in the cleavage of the Notch Intracellular Domain (NICD) in the signal-
receiving cell. NICD then acts with coactivators (including suppressor of hairless (Su(H)) to activate the
expression of target genes. Key targets include basic helix-loop-helix Hes proteins. Hes proteins then
inhibit transcription of proneural bHLH genes. The activation of Notch signalling in the signal-receiving
cell inhibits neuronal differentiation. In the signal-sending cell, lack of Notch signalling allows the
expression of proneural bHLH genes and the activation of the differentiation process in these cells.

(Adapted from Chen et al. 2014.)

1.3.1.1 Long distance lateral inhibition

Traditionally it was thought that Delta Notch lateral inhibition could only occur between
immediately adjacent cells, as the signalling pathway requires cell-to-cell contact. However,
studies in the Drosophila notum suggest that differentiating neuronal cells might be able to send
inhibitory signals to cells at a distance from its own cell body. The notum is a neuroectodermal
tissue from which sensory organ precursors (SOP) are specified. SOPs go on to generate bristles
and associated mechanosensory organs. In normal tissue, SOPs are induced in a pattern spread
and isolated throughout the tissue (Figure 1-6A). Cells that are destined to become SOPs have
been shown to extend a web of Delta-rich filopodia into the surrounding tissue and activate
Notch signalling in cells as far as 5 cell diameters away (Figure 1-6B’; De Joussineau et al.
2003; Cohen et al. 2010; Doe 2008). These filopodia are actin-based, requiring the action of Rac
and the SCAR complex to form (De Joussineau et al. 2003; Cohen et al. 2010). Furthermore, if
you interfere with the formation or elongation of filopodia from SOPs or ameliorate Notch
signalling in these cells, the normal spacing and patterning of SOPs within the notum ectoderm
is lost (Figure 1-6C and D, respectively; De Joussineau et al. 2003; Cohen et al. 2013).
Therefore, in this system, differentiating neuronal cells are able to use basal filopodia to deliver
long-range Delta Notch-mediated lateral inhibition to refine a self-organised pattern of bristles

(De Joussineau et al. 2003; Cohen et al. 2010).
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Patterning of sensory organ precursor cells (SOPs) in Drosophila.
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Figure 1-6: Patterning of SOP cells in Drosophila. Adapted from Cohen et al. 2010. Neuronal cells
express Neu-GFP (Neuralized-GAL4, UAS Moesin-GFP; grey scale; the darker the colour the higher the
expression level) and the outlines of the cells in the tissue are labelled with E-Cadherin-GFP. A) The final
pattern of SOP cells is ordered and shows regular spacing between individual precursor cells (adapted
from Figure 1 in Cohen et al. 2010). B) In early stages of pattern formation an excess number of cells
expressing Neu-GFP appear in the notum, generating an overcrowded and poorly organised arrangement
of precursor cells (Figure 4 in Cohen et al. 2010). B”) The nascent SOP cells in this tissue extend
membrane protrusions into the surrounding tissue (Figure 7 in Cohen et al. 2010). C) Expression of
dominant negative Rac or a mutant form of scar (regulators of filopodia formation in the notum) in Neu-
expressing cells results in a disordered final pattern of SOP cells (Figure 7 in Cohen et al. 2010). D)
Inhibiting Notch signalling while the pattern is being refined results in rows of Neu-GFP-expressing

SOPs (adapted from Figure 2 in Cohen et al. 2010).

1.3.1.2 Specialised signalling filopodia (cytonemes) in Drosophila and vertebrates

It is not known whether membrane extensions deliver long-range lateral inhibition in other
species to pattern neurogenesis. However, there is a growing literature from Drosophila
development and the vertebrate immune system regarding signalling events that require the

delivery of molecules over long distances by specialised filopodia.
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Long, dynamic, actin-based filopodia (known as cytonemes, tubulovesicular extension (TVEs)
or membrane tethers) are a common feature of patterning in the Drosophila wing imaginal disc
(reviewed in Kornberg & Roy 2014). Directed trafficking of proteins along the cytonemes has
been shown to contribute to the generation of gradients of the Drosophila signalling protein
decapentaplegic (Dpp; Ramirez-Weber & Kornberg 1999; Kornberg & Roy 2014) as well as
hedgehog signalling (Hh; Bischoff et al. 2013). Delta proteins have also been observed in the
cytonemes produced by myoblast cells in the wing imaginal disc. Delivery of Delta by these
cytonemes is required for the activation of Notch signalling in the air sac primordium and
controls growth of the tissue (Huang & Kornberg 2015). In the case of Dpp signalling, the
cytonemes of signal-sending and -receiving cells directly interact with each other and form
relatively stable contacts that resemble neuronal synapses and allow the direct transfer of Dpp
(Roy et al. 2014; Kornberg & Roy 2014). These data show that specialised signalling filopodia

are commonly used during Drosophila development.

There is a growing field of evidence that cytonemes are also found in vertebrate species. A
number of in vitro studies have observed cytonemes on immune system cells following
antigenic or chemical stimulation, including B cells (Gupta & DeFranco 2003), mast cells
(Fifadara et al. 2010) and neutrophils (Galkina et al. 2009; Corriden et al. 2013). The cytonemes
generated by these cells can reach multiple cell diameters in length (Gupta & DeFranco 2003;
Galkina et al. 2009; Corriden et al. 2013). The signalling function of these processes is currently
unknown but it has been suggested that they are involved in targeted, long-range capture of
bacteria (Corriden et al. 2013). Outside of the immune system, signal-sending processes have
been reported to traffick Wnt ligands in fibroblastic Xenopus tissue culture (Holzer et al. 2012).
In this system there is some evidence that Xwnt2b is released from the membrane and taken up
by surrounding cells but the role of this long distance trafficking in Wnt signal transduction has
not yet been shown (Holzer et al. 2012). Finally, cytonemes have also been observed in vivo in
the chick limb bud. Both Shh signal-sending cells and signal-receiving cells extend several long
filopodia which traffic either the signalling molecule or its receptors (Sanders et al. 2013). The
cytonemes from signalling-sending and -receiving cells form stable long-range connections,

which are thought to allow targeted Shh signalling (Sanders et al. 2013).

In summary, there is a growing field of evidence that membrane extensions are used to transmit
a variety of signals over long distances in vertebrate species. However, the exact role these
extensions play in signal delivery and transduction is still unclear (Kornberg & Roy 2014) and it
is unknown whether long distance lateral inhibition operates in vertebrate neurogenesis

(Pierfelice et al. 2011).
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1.3.2 Overt tissue segmentation and the spacing of neurogenesis in the zebrafish
hindbrain
The zebrafish hindbrain is a good example of overt tissue segmentation, which is otherwise rare
in the vertebrate neural tube. The tissue is composed of a series of segments (thombomeres) that
are visible as repeated swellings along the anteroposterior axis in early development and each
show individual molecular and neurogenic characteristics (Lumsden & Krumlauf 1996).
Specialised boundary cells exist between each rhombomere (Guthrie et al. 1991; Trevarrow et
al. 1990) and within each rhombomere neurogenesis is restricted to a region adjacent to the
boundary cells and is excluded from the segment centres (Gonzalez-Quevedo et al. 2010). The
pattern of neurogenesis is gradually formed and refined through the first two days of
development by interactions between boundary cells and differentiated neurons (Gonzalez-

Quevedo et al. 2010).

The inhibition of neurogenesis within boundary cells is most likely due to the expression of
radical fringe in these cells, which is a known activator of Notch signalling (Cheng et al. 2004;
Qiu et al. 2004; Qiu et al. 2009). A separate mechanism has been found to pattern neurogenesis
within non-boundary cells. A population of early born neurons are found in the segment centres
and express fgf20a, which inhibits neurogenesis through the localised activation of FGF
signalling in the neuroepithelial cells adjacent to the fgf20a-expressing neurons (Gonzalez-
Quevedo et al. 2010). In the hindbrain of fgf20a mutant zebrafish neurogenesis is increased in
the segment centres, showing the requirement of this signalling pathway to pattern neurogenesis
within each segment (Gonzalez-Quevedo et al. 2010). This pattern of neurogenesis therefore
requires the correct placement of neurons in the segment centres. This has been shown to be
dependent on signals from boundary cells as if the formation of the segment boundaries is
disrupted, the fgf20a neurons are spread along the anteroposterior axis of the hindbrain
(Terriente et al. 2012). The boundary cells have been shown to express Sema family proteins,
which activate the neuropilin receptor Nrp2a expressed by fgf20a neurons thereby chemorepel
fgf20a neurons away from the segment boundaries and causes them to accumulate in the
segment centres (Terriente et al. 2012). Neurogenesis in the hindbrain increases if Sema/Nrp

signalling is abrogated.

From this work, a two-step model has been generated to explain how neurogenesis in the
zebrafish hindbrain is patterned: Sema signalling by the boundary cells drives fgf20a-expressing
neurons to cluster in the centre of each segment. These neurons then activate FGF signalling in
surrounding cells to inhibit neurogenesis in the segment centres. This model demonstrates how

the pattern of neurogenesis in the segmented hindbrain is generated through the complex
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interaction of multiple signalling pathways. This is also a clear example of a mechanism by

which the gross patterning of a tissue can in turn pattern neurogenesis.

1.3.3 Spatial patterning of primary neurons

Primary motor neurons arise from the ventral pMN progenitor domain early in neurogenesis in
the zebrafish spinal cord (9-14 hpf), and are characterised into three subtypes based on their
soma location relative to the paraxial mesoderm (somites): rostral primary (RoP); middle
primary (MiP); and caudal primary (CaP; Myers 1985; Eisen et al. 1986; Lewis & Eisen 2003)°.
These motor neurons are found repeated along the anteroposterior axis of the spinal cord so that
one motor neuron of each subtype is found per spinal hemisegment. Specifically, MiP and CaP
neurons are found in a regularly spaced and alternating pattern that is symmetrical across the
midline. The development of this pattern has been shown to be dependent on mesoderm-derived
signals (Lewis & Eisen 2004; Eisen & Pike 1991; Sato-Maeda et al. 2008). Zebrafish mutants
which lack paraxial mesoderm (for example, no ftail or spadetail) show irregular spacing
between primary motor neurons and also show examples of clusters of these cells (Lewis &
Eisen 2004; Eisen & Pike 1991). Furthermore, in convergent extension mutants (for example,
trilobite or knypek) a decrease is seen in the spacing between the primary motor neurons which
correlates with the decreased somite size in these mutants (Lewis & Eisen 2004). Double
mutants of these genes, which display severe convergent extension phenotypes, contain primary
motor neurons that appear in continuous clumps (Lewis & Eisen 2004). These effects were
shown to be generated by cell non-autonomous mechanisms through transplantation
experiments (Lewis & Eisen 2004). Therefore, the correct patterning of the somites is required

to generate the normal pattern of primary motor neurons.

The molecular mechanism that underlies the patterning of the CaP class of motor neurons has
been elucidated (Sato-Maeda et al. 2006; Sato-Maeda et al. 2008). CaP neurons are initially
irregularly spaced in the spinal cord and their distribution is refined prior to axonogeneis so that
each CaP primary motor neuron is located at the midpoint of the overlying somite (Sato-Maeda
et al. 2008). This refinement has been shown to require Sema3ab/Neuropilinla signalling.
Sema3ab expression is restricted to the posterior half of the somite (Bernhardt et al. 1998) while
Neurophilinla is specifically expressed in CaP primary motor neurons (Sato-Maeda et al. 2006).
Sema3ab acts as a chemorepellent and by binding to Neuropilinla is able to adjust the position

of CaP neurons (Sato-Maeda et al. 2008).

2 Primary motor neurons have recently been reclassified to reflect the patterns of their axonal projections
(Bagnall & McLean 2014; Menelaou & McLean 2012). Here, I will use the names of the subtypes based
on their soma location, as is used in the literature on how the motor neurons are patterned relative to the
somites (Lewis & Eisen 2004; Eisen & Pike 1991; Sato-Maeda et al. 2008).
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It is unknown whether mesoderm-derived signals are required for the correct spacing of other
neuron cell types in the developing spinal cord during primary or secondary neurogenesis. Other
potential mechanisms (if any) by which mesodermal signals influence neuronal spacing have

not yet been elucidated.

1.4 Specific aims

In the current view of mammalian neurogenesis, basal progenitors are thought to produce the
large numbers of neurons that are required to generate a large and complex cortex. However,
there are reports that both non-cortical regions and non-mammalian species contain populations
of non-apically diving neuronal progenitors (Martinez-Cerdefio et al. 2006; Kimura et al. 2008;
Nomura et al. 2016). These data suggest that non-apical progenitors may play alternate or
additional roles in neurogenesis. To increase our knowledge of non-apical progenitors in non-

cortical tissues, I have studied them in the zebrafish embryonic central nervous system.

In this thesis, I address the following questions:
* To what extent do non-apical neuronal progenitors contribute to zebrafish embryonic
neural development?
* How are non-apical progenitor divisions regulated in developmental time and space?

*  What mechanisms control the production of non-apical progenitors?
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CHAPTER 2
GENERAL MATERIALS AND METHODS
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2

General Materials and Methods

2.1 Animals

Wild type, transgenic and mutant zebrafish were maintained under standard conditions

(Westerfield, 2000) on a 14-hour photoperiod in the King’s College London Fish Facility.

Embryos were obtained from timed matings.

2.1.1 Wild-type strains
King’s College Wild-type, Ekkwill, AB Tubingen and Tupfel Long fin.

2.1.2 Transgenic zebrafish lines

The following zebrafish transgenic lines were used in this thesis:

Tg(vsx1:GFP) — (Kimura et al. 2008). Obtained from the Harris lab, University of
Cambridge. This reporter line was generated using a bacterial artificial chromosome (BAC)
containing promoter and enhancer elements for the zebrafish vsx/ gene (Kimura et al. 2006)
with enhanced GFP (eGFP) inserted at the transcription start site. GFP is expressed in the
cytoplasm of any cell that expresses vsx/.

Tg(olig2:eGFP) — (Shin et al. 2003). Obtained from Houart Lab, KCL. This line was
generated using a BAC containing promoter and enhancer elements for the zebrafish olig2
gene (Shin et al. 2003) with eGFP inserted at the start of transcription of the olig2 gene. GFP
is expressed in the cytoplasm of any cell that expresses olig?2.

Tg(tbr2a:dsRed) — (Miyasaka et al. 2009) Obtained from the Wilson Lab, UCL. This
transgenic line contains a cassette composed of a Skb genomic region upstream of the
zebrafish thr2 gene driving expression of the fluorophore dsRed. dsRed is expressed in the
cytoplasm of cells that express tbr2.

Et(gataZ:GFP)bi105 — (Folgueira et al. 2012). Obtained from the Wilson Lab, UCL. This
enhancer trap line uses endogenous gata? enhancer elements to drive expression of GFP.
GFP expression is seen in the cytoplasm of pallial neurons from 30 hpf (Folgueira et al.
2012).

Tg(deltaD-GFP) — (unpublished). Obtained from the Oates lab, UCL. A BAC containing
promoter and enhancer regions for zebrafish deltaD gene was used to create a deltaD-GFP

fusion protein. This line contains seven insertions of this BAC construct.

2.1.3 Mutant zebrafish line

The following zebrafish mutant line was used in this thesis:
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*  Fused somites (f5s)'“’'** (van Eeden et al. 1996). Obtained from the Oates lab, UCL.
Mutants were identified by morphological phenotype.

2.1.4 Embryo culture

Wild type, transgenic and mutant adult zebrafish were maintained under standard conditions
(Westerfield, 2000) on a 14-hour photoperiod in the King’s College London Fish Facility.
Embryos were obtained from timed matings and raised at 28.5°C in fish water with methylene
blue (Sigma Aldrich) or embryo medium (E2) (Westerfield, 2000). Reducing incubation
temperature to 23°C from five hours post-fertilisation caused development to proceed at a
slower rate, enabling early embryonic stages to be visualised at an appropriate time. Embryos
were staged according to published criteria (Kimmel et al., 1995) and stages are given in terms
of hours post fertilisation (hpf). After 20-24 hpf embryos were maintained in fish water or E2
medium containing 0.003% 1-Phenyl-3-(2-thiazolyl)-2-thiourea (PTU; Sigma) to prevent

pigment formation.

2.2 Molecular biology

2.2.1 Plasmid preparation
One Shot® TOP10 Chemically Competent (Invitrogen) or Z-Competent™ 5a (Zymo Research)
Eschericha coli cells and Qiagen plasmid preparation kits were used for general cloning and

plasmid preparation.

2.2.2 mRNA synthesis

PCS2+ expression vectors were linearised with various restriction enzymes (Promega) for 2
hours at 37°C and precipitated at -20°C overnight in 70% ethanol and 0.05M sodium acetate.
DNA was then washed in 70% ethanol and resuspended in nuclease-free dH,0 (Ambion). Sense
strand capped mRNA was transcribed using the mMESSAGE SP6 Kit (Ambion) and purified
through a column (Roche). Resulting RNA concentration was measured using a

spectrophotometer or nanodrop (ThermoFisher Scientific).

2.3 Microinjection

All injections were carried out under a dissecting microscope using a glass slide and petri dish.
Injections were delivered using a glass micropipette with filament (Harvard Apparatus)

mounted on a micromanipulator and attached to a Picospritzer® (General Valve Corporation).
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2.3.1 mRNA Injections
Various mRNAs were injected either at the one-cell stage for ubiquitous expression or into one
blastomere between the 16 and at 64-cell stages for mosaic labelling of neuroprogenitor cells.

mRNA was injected at 10-150 pg per embryo and did not exceed half the volume of a cell.

2.3.2 Anti-sense Morpholino Injections

Anti-sense morpholino oligonucleotides (Gene Tools) were stored as 4mM stocks at -20 °C and
diluted as required in sterile water. For ubiquitous knockdown of the protein of interest, various
morpholinos were injected at the one to two-cell stage. A standard control morpholino (Gene
Tools) was injected at equivalent concentrations and control morpholino injected siblings were

raised alongside morpholino-injected animals.

2.4 Immunohistochemistry

Wholemount immunohistochemistry was carried out as previously described (Westerfield,
2000), with some modifications.
* Embryos were fixed in 4% paraformaldehyde (PFA; Sigma) in PBS, shaking for 2 hours at
room temperature (RT) or overnight at 4°C.
* Embryos were dehydrated through a methanol series (25%, 50%, 75%, 100%, in PBS, with
5 min washes each) and stored at -20 °C in 100% MeOh for at least 12 hrs.
* Embryos were rehydrated through a decreasing methanol series (75%, 50%, 25%, in PBS;
5 min washes each) and then washed 2 x 5 mins in PBS.
* Embryos were treated to increase permeabilisation.
o For embryos 36 hpf or younger - cryogenic treatment:
= Incubate the embryos in cryogenic buffer (8% sucrose, 5% goat serum, 0.2%
Gelatin, 1% triton in PBS), shaking, at RT for an hour.
= Replace the buffer and freeze at -20°C for 3 mins or until the solution goes cloudy.
Repeat this step.
=  Wash 2 x 5 mins in blocking solution (10% goat serum, 5% DMSO in PBT; PBS +
0.1-1% Triton-X-100).
o For embryos older than 36 hpf - protein kinase K (PK) treatment:
= Incubate embryos in 1000 ul PBS + PK (48 hpf, 1:1000; 72 hpf, 1:500) for 30 mins
= Wash 2 x 5 mins in PBS
* Incubate in blocking solution for 1 hr, shaking at room temperature
* Incubate embryos in primary antibody at 4°C, shaking for up to a week
e Wash in PBT initially with 3 x 5 mins washes followed by longer 30 min washes.
* Incubate embryos in secondary antibody at 4°C, shaking for 2-3 days

e Wash in PBT initially with 3 x 5 mins washes followed by longer 30 min washes.
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2.4.1 Antibodies

Various primary antibodies were used in combination with Alexa® Fluor (405, 488, 568, 633,

647) conjugated secondary antibodies (1:500; Invitrogen).

Table 2-1: Primary antibodies used in this thesis.

IgG

Catalogue
Protein Target Source Host species Storage Dilution
number
aPKC (A and ) Santa Cruz SC-216 Rabbit polyclonal 4°C 1/350
GFP Abcam Ab-13970 | Chicken polyclonal -20°C 1/300
HuC/D Invitrogen A21271 Mouse monoclonal -20°C 1/300
IgG2b
Phospho-Histone H3 | Upstate 06-570 Rabbit polyclonal -20°C 1/500
Biotech
70-1 Invitrogen 339111 Mouse monoclonal -20°C 1/300

Counterstains were added during incubation with secondary antibody to visualize nuclei. The

following counterstains were used (all ThermoFisher Scientific Molecular Probes; all 1:10,000):
* Hoechst (H3570)
* Sytox Green (S7020)

* Sytox Orange (S11368)

2.5

In situ hybridisation

Vectors were linearised and purified as described. Anti-sense probes were synthesised using a

Dig NTP mix and RNA Polymerase kit (Roche).

The following probe was used:

vsx! (He et al. 2014), a gift from Dr Chen Lou, Zangjiang University, China.

* Embryos were fixed in 4% PFA overnight at 4°C.
* Embryos were dehydrated through a methanol series (25%, 50%, 75%, 100%, in PBS, with
5 min washes each) and stored at -20°C in 100% MeOh for at least 12 hrs.

* Embryos were rehydrated through a decreasing methanol series (75%, 50%, 25%, in PBS,

with 5 min washes each) and then washed 2 x 5 mins in PBS.
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* Embryos were subsequently incubated in hybridization buffer (Hyb; 50% Formamide, 25%
SSC 20X, 10% Tween 20, 25 mg mRNA Torula, 25 mg Heparin in ddH,0) for 30 mins at
RT and then in fresh Hyb in a heat block at 65°C for at least 2 hrs.

* Probes were diluted to approximately 150 pg/ml and placed at 80°C for 5 mins.

* Diluted probes were added to the embryos and left overnight in at 65°C.

* The next day the embryos were washed as follows at 65°C:

o 2 x 30 mins in Hyb.

o Through a decreasing Hyb/2X SSC (Sigma) + 0.1% Tween20 series (75%, 50%,
25%), 20 mins each.

o 2x30mins in 2X SSC + 0.1% Tween20.

o 2x30minsin 0.2X SSC + 0.1% Tween20.

o 1x 10 min in MABT (0.1M Maleic acid pH7.5, 150mM NaCl, 0.1% Triton) at RT.

* Embryos were incubated in blocking solution (MABT + 10% Bovine Serum Albumin;
Sigma) for 2 hours at RT, shaking.

* Anti-DIG antibody was diluted 1:2000 in blocking solution and added to the embryos,
which were then left overnight at 4°C, with gentle shaking.

*  Wash 6 x 30 mins at RT with MABT.

* Incubate embryos in alkaline phosphatase buffer (100mM NaCl, 100 mM Tris pH 9.5, 50
mM MgCl2, 1% Tween20) for NBT/BCIP colouration or fast red buffer (pH 8.2: 100 mM
Tris-HCI (pH 9.5), 150 mM NacCl, 0.1% Tween in ddH20) for fast red colouration.

* The colour reaction was done using NBT/BCIP (5pg/ml; Roche) or Fast red (Roche; 1
tablet/3ml buffer) in the dark.

* The reaction was stopped by washing in 3 x 5 mins in PBST (0.1%)

2.6 Microscopy
2.6.1 Mounting

Embryos were mounted in 1.5% low-melting point agarose (A9414, Sigma) and supported in a
wax or glue chamber in a petri dish filled with fish water (for live imaging) or PBS (fixed
specimens; see Figure 2-1A). From 16hpf, embryos were anaesthetised in 0.016% tricaine
methane sulfonate (MSS-222, E102521, Sigma). Embryos were mounted so that they could be
imaged from a dorsal view of the hindbrain or spinal cord or frontally for forebrain (Figure

2-1B), unless otherwise specified.

2.6.2 Imaging
Embryos were imaged on either an SP5 Laser Scanning (Leica), Spinning disk (PerkinElmer) or
LSM 880 Laser Scanning (Zeiss) Confocal Microscope, using a 20x water immersion objective

with a numerical aperture (NA) of 0.95 or higher. Brightfield images were acquired with a
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QImaging Micropublisher camera mounted on a Nikon SMZ1500 dissecting microscope. For

live imaging, a heated environmental chamber at 28.5°C was used.

2.7 Data analysis

2.7.1 Image processing
Raw confocal data was exported to ImageJ (http://rsbweb.nih.gov/ij/), Volocity® (PerkinElmer)
or IMARIS® (Bitplane) for analysis. Images were processed in ImageJ or IMARIS® to adjust

brightness and contrast. Figures and schematics were constructed using Adobe Illustrator CS4.

2.7.1.1 Drift correction
In IMARIS®, the ‘Spots’ function was used to identify and track landmark cells in a time-lapse

movie. This track was then used to correct drift, using IMARIS®’ algorithms.

2.7.1.2 Quantification

In cases where large numbers of cells needed to be counted, the automatic ‘Spots’ function in
IMARIS® was used. In these cases, the average size of the cell (usually labelled by PH3) was
estimated and this size was used to identify PH3-expressing cells as objects. Alternatively, this

function was used to aid in manual counting.

2.7.2 Statistical Analysis
Microsoft Excel and Prism 6 (Graphpad) were used for numerical and accompanying statistical

analysis. Graphs were created in Prism 6.
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Figure 2-1: Mounting procedures and Imaging set up. A) Embryos were mounted in 1.5% low melting
point agarose (grey) in a petri dish. For live imaging, embryos were maintained in fish water containing
MS-222 (anaesthetic) and 0.003% PTU to prevent pigmentation. To image fixed samples, the specimen
where maintained in PBS. B) The spinal cord (1-4) and hindbrain (5-7) were imaged dorsally and the
forebrain (8-10) was imaged frontally. The tail of the embryo was occasionally removed to aide

mounting. Not to scale.
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CHAPTER 3
CHARACTERISATION OF NON-APICAL DIVISIONS
DURING ZEBRAFISH EMBRYONIC NEURAL TUBE

DEVELOPMENT
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3 Characterisation of non-apical divisions during

zebrafish embryonic neural tube development

3.1 Introduction

The mammalian neocortex is currently the main model used to study the contribution of
different subtypes of neural progenitors to brain growth and differentiation. In early vertebrate
neurodevelopment, the neuroepithelial cells that make up the neural tube divide at the apical
surface in a region known as the ventricular zone (VZ). In all vertebrate species at first these
apical progenitors divide symmetrically to increase their population.As neurogenesis begins the
apical progenitors being to divide asymmetrically to generate one neuron while self-renewing
the apical progenitor population (for example: Miyata et al. 2004; Alexandre et al. 2010;
Kressmann et al. 2015). As development progresses mitoses also appear in non-apical locations
in the mammalian cortex, and are collectively referred to as basal progenitors (reviewed in
Florio & Huttner 2014; see section 1.2.2 for full discussion). Multiple subpopulations of basal
progenitors with varying self-renewal and neurogenic properties contribute to mammalian
neocorticogenesis (see Table 1-1). Basal progenitors are thought to drive an expansion in the
number of neurons produced during neurogenesis and generate the relatively large and complex
cortical structure that is a defining feature of the mammalian forebrain (reviewed in Florio &
Huttner 2014 and see section 1.2.2). These ideas imply an important role for non-apically
dividing neuronal progenitors in the evolution of the structurally and functionally complex

primate and human brain.

Perhaps contrary to the notion that basal progenitors act to expand neuronal tissue and increase
its sophistication, non-apically located progenitors have been observed in the embryonic
zebrafish spinal cord. As these abventricular divisions are not necessarily located on the basal
surface 1 will refer to them as non-apical divisions and progenitors. Kimura and colleagues
described a non-apical interneuron progenitor that expresses vsx/ in the zebrafish spinal cord
(Kimura et al. 2008; discussed in detail in section 3.1.1). This is currently the only known non-
apical neuronal progenitor in the spinal cord of any species. However, there is a known
gliogenic non-apical progenitor population in the zebrafish spinal cord, oligodendrocyte
precursor cells (OPCs) that express olig2 (Kirby et al. 2006). OPCs generate a myelinating glial
cell type and are typically specified from 60 hpf, towards the end and after embryonic

neurogenesis in the zebrafish neural tube (Lee et al. 2010).

To my knowledge, no other information regarding populations of non-apical divisions in the

developing embryonic zebrafish neural tube has been published to date. In fact, in the
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telencephalon, Dong et al reported that they did not observe any non-apical divisions in live
imaging experiments between 28 hpf and 60 hpf (Dong et al. 2012). However, during late stages
of zebrafish retinogenesis three populations of non-apical neuronal progenitors have been
identified, one of which expresses vsx/ and generates two daughter cells that differentiate as
bipolar cells (Weber et al. 2014). These vsx/-expressing non-apical progenitors appear to have
lost apical attachment by mitosis, but are still in contact with the basal surface via a basal
process (Weber et al. 2014). It has been speculated that non-apical progenitors in the retina act
to overcome limited space at the apical surface as well as difficulties accessing the apical

surface as the different photoreceptor laminae develop (Weber et al. 2014).

These data and others show that non-apical progenitors are present during the development of
relatively simple and compact regions of developing nervous systems, both in non-cortical
regions and non-mammalian species (e.g. murine thalamus (L. Wang et al. 2011) and ventral
telencephalon (Pilz et al. 2013) and the chick retina (Boije et al. 2009)). The role played by non-
apical neuronal progenitors during neurogenesis in the neural tube, when the tissue does not go
through dramatic expansion such as seen in the cortex, is still unknown. A thorough
characterisation of non-apical progenitors in wild type zebrafish embryos may be informative
with regards to this question. To this end, in this chapter I describe experiments to characterise
the spatial distribution and molecular identity of non-apical progenitors in the spinal cord,

hindbrain and telencephalon of zebrafish embryos during the first three days of development.

3.1.1 Non-apical p2 progenitors in the zebrafish neural tube

Non-apically dividing neuronal progenitors were first observed in the zebrafish transgenic line
Tg(vsx1:GFP) (Kimura et al. 2008). In the embryonic zebrafish spinal cord vsx/ mRNA and
Tg(vsx1:GFP) expression can be observed from as early as 16 hpf, the stage where the neural
rod has just been formed (Kimura et al. 2008). Vsx/ is expressed in p2 progenitors in the ventral
spinal cord (Figure 3-1A) and vsx/:GFP expression is initiated in cells located near the basal
surface shortly before they undergo a terminal division, generating pairs of V2a/V2b
interneuron daughter cells (Kimura et al. 2008; Figure 3-1B). The expression of vsx/ is
maintained in the V2a daughter but is lost in the V2b cell as it differentiates (Kimura et al.
2008; Figure 3-1B). These data suggest that p2 progenitors expressing vsx/ represent a subtype
of zebrafish progenitors that are committed to neurogenic divisions, similar to what has been
shown for non-apical progenitors in the mammalian telencephalon (e.g. Haubensak et al. 2004,
Noctor et al. 2004). This data was the first indication that the developing zebrafish nervous

system contained neuronal progenitors that divided at a distance from the apical surface.
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The p2 progenitor domain is unique in the ventral spinal cord as it produces two intermingled
subtypes of V2 interneurons at the same time of development, in rodents, chicken as well as
zebrafish (Karunaratne et al. 2002; Al-Mosawie et al. 2007; Kimura et al. 2008; Panayi et al.
2010). V2 interneurons diversify into V2a and V2b subtypes which have similar morphologies
(ipsilateral descending axonal trajectories) but disparate function and expression profiles in
zebrafish (Kimura et al. 2006; Batista et al. 2008; Kimura et al. 2008), chicken (Karunaratne et
al. 2002; Li et al. 2010; Kang et al. 2013) and mammalian (Li et al. 2005) spinal cords. In
zebrafish, V2a interneurons are glutamatergic (excitatory) circumferential descending (CiD)
interneurons and express vsx2 (previously alx; Kimura et al. 2006), a zebrafish homolog
of Chx10 in mice (Passini et al. 1998; Figure 3-1C). V2b interneurons are ventral lateral
descending (VeLD) GABAergic (inhibitory) interneurons and express Scl, Gata2 and Gata3
(Batista et al. 2008). It is thought that V2 cells in mice also develop into approximately equal in
number inhibitory and excitatory interneurons with ipsilateral descending axon trajectories (Al-
Mosawie et al. 2007; Lundfald et al. 2007). However, in the mouse it has recently been shown
that the V2b lineage can diversify to contain two cell types V2b (Gata3-expressing) and V2c
(Sox1-expressing; Li et al. 2010; Panayi et al. 2010; Figure 3-1C). There is no evidence that V2
interneurons are generated by non-apical progenitors in either the chicken or the mouse spinal

cord.

Currently, it remains unknown whether vsx/:GFP-expressing V2 intermediate progenitors are

the only non-apical progenitor population in the zebrafish neural tube.

3.1.2 Markers of non-apical progenitors
In the literature on mammalian and zebrafish non-apical progenitors there are three genes that
are associated with this progenitor subtype; vsx/, olig2 and tbr2. Below | summarise what is

known about the cells that express these genes in the context of neural development.

3.1.2.1 Non-apical neural progenitors in the zebrafish spinal cord express the vsx/

Visual system homeobox-1 (vsxI) encodes a transcription factor containing a paired-type
homeodomain and a CVC domain (Passini et al. 1998). It was first identified from the goldfish
retina (Levine et al. 1994) and then cloned in zebrafish (Passini et al. 1998) where expression in
the developing hindbrain and spinal cord was observed alongside retinal expression. This
expression pattern is recapitulated in the zebrafish transgenic reporter line Tg(vsx/:GFP)
(Kimura et al. 2008). Vsx/ plays a role in the regulation of a number of processes during
development. Maternally deposited vsx/ has been shown to act as a transcriptional repressor

during the initiation of axial-paraxial mesodermal patterning in zebrafish embryos (He et al.
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2014). During vertebrate eye development, vsx/ is required for retinal progenitor cell
proliferation and neuron specification (Shi et al. 2011). VsxI-expressing retinal progenitors
undergo division in subapical positions and give rise to a type of retinal interneurons known as
bipolar cells (Weber et al. 2014). Vsx/ non-apical progenitors maintain contact with the basal
surface at mitosis but lack any apical attachment or process (Weber et al. 2014). The function of

the vsx/ gene in the biology of non-apical progenitors in the spinal cord is currently unknown.

3.1.3 Olig2 is expressed in the pMN progenitor domain

Olig genes are basic helix-loop-helix (bHLH) transcription factors that are expressed in the
pMN domain (Figure 3-1A). This dorsal progenitor domain gives rise to motor neurons,
interneurons and oligodendrocytes in the spinal cord of mammals (Zhou et al. 2000; Masahira et
al. 2006), chicken (Lee 2005; Liu et al. 2007) and zebrafish (Park et al. 2002; Park et al. 2004;
Park et al. 2007; Zannino & Appel 2009). In zebrafish a single Olig gene, olig2 is expressed in
the embryonic spinal cord and hindbrain (Park et al. 2002; Park et al. 2007; Zannino & Appel
2009). Olig2+ progenitors generate motor neurons and interneurons until approximately 36 hpf,
after which olig2-expressing progenitors start to produce OPCs. Olig2-expressing OPCs then
translocate to the basal surface of the ventral pMN progenitor domain before migrating dorsally
and ventrally, where they divide at later stages of neurogenesis (+ 60 hpf) and the daughter cells

differentiate as oligodendrocytes (Lee et al. 2010).

In summary, olig2-expressing glial progenitors from the pMN domain divide at a distance from
the apical surface during gliogenesis. It is not known if olig2-expressing cells undergo division

in non-apical locations during neurogenic stages to produce motor neurons or interneuron cell

types.

3.1.4 Tbr2 is a marker of intermediate neuronal progenitors in the mammalian
neocortex
The T-box transcription factor Tbr2 (Eomesa) is a known marker of mammalian basal
intermediate progenitors (bIPs; Englund et al. 2005; Mizutani et al. 2007; Hansen et al. 2010;
see section 1.2.2 and Table 1-1), which typically undergo self-consuming divisions generating
two neurons. Tbr2 has been shown to be required for the production of bIPs from apical radial
glial (aRG) cells and is downregulated in newborn neurons (Arnold et al. 2008). In contrast,
Tbr2 is expressed in differentiated neuron cells in the forebrain of chicken embryos (Nomura et
al. 2016). Similarly, in the forebrain of zebrafish embryos, Tbr2 is expressed in a subset of
pallial neurons (Mueller & Wullimann 2003; Thisse et al. 2005). Tbr2 expression has also been
reported in non-apical progenitors in the spinal cord of 30 hpf zebrafish embryos (Ohata et al.

53



2011). However, this was observed using an antibody against the human protein and I have

been unable to repeat this observation (discussed fully in section 3.3.3.2).

In summary, different cell populations express Tbr2 in the mammalian (basal progenitors) and
zebrafish and avian (neurons) pallium. It is currently unclear whether #br2 is expressed in non-

apically dividing cells in the zebrafish.

3.1.5 Aim of chapter
In order to understand the role non-apical progenitors may play in the development of the
zebrafish nervous system my first aim is to characterize the non-apical progenitor population in

the early zebrafish neural tube.

In this chapter, I address the following questions, focusing specifically on the zebrafish
hindbrain, spinal cord and dorsal telencephalon:

1. How many non-apical progenitors are present in these regions?

2. What is the spatial distribution of non-apical progenitors in these regions?

3. Do non-apical progenitors express vsx/, olig2 or thr2?

4. Does the distribution and characterisation of non-apical progenitors change during early

zebrafish neural tube development?
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Figure 3-1: The cell types generated by the p2 progenitor domain in the ventral teleost and murine
spinal cord. A) Schematic of the progenitor domains of the ventral zebrafish spinal cord, p0 — p3, the
neurons each domain gives rise to and the genes expressed in each neuronal type. (Adapted from: Ribes
& Briscoe 2009; England et al. 2011.) B) The lineage of the p2 progenitor domain. V2 intermediate
progenitor cells divide to generate V2a and V2b interneuron pairs (adapted from Kimura et al. 2008). C)
In rodents the p2 progenitor lineage includes a third neuronal type, V2c, which arises through the

diversification of the V2b lineage (adapted from: Panayi et al. 2010).
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3.2 Materials and Methods

3.2.1 Transgenic zebrafish lines
The transgenic zebrafish lines used in this chapter are described in the General Materials and

Methods.

3.2.2 Immunohistochemistry
Primary antibodies, secondary antibodies and counterstains used in this chapter are listed in the

General Materials and Methods.

3.2.3 mRNA constructs
Following mRNA constructs were used in this chapter. Synthesis of mRNA is described in the

General Materials and Methods.

Referred to | Stage Amount
Construct Source Reference
as: used injected

GFP-CAAX (from Membrane - | 8-32 (Alexandre et 0.25-0.5nl
(Alexandre et al. 2010)

human) GFP cell al. 2010) of 0.1 pg/pl

mCherry-CAAX (from | Membrane - | 8-32 | (Alexandre et 0.25-0.5 nl
(Alexandre et al. 2010)

human) RFP cell al. 2010) of 0.1 pg/pl

Histone H,B (H;b)- 8-32 (Alexandre et 0.25-0.5nl
Nuclear-RPF (Alexandre et al. 2010)

RFP (from human) cell al. 2010) of 0.1 pg/pl

3.2.4 Imaging

The hindbrain and spinal cord of fixed embryos were imaged dorsally and the telencephalon
was imaged frontally, ensuring that the entire Sytox counterstained region is captured (Figure
2-1). A z-step size of 0.35-0.5 pm was used to allow digital transverse reconstructions of the
neural tube to be made (see 3.2.5.1, below). Live imaging was performed with 2-3 pm z-step
sizes to ensure that nuclei and divisions could be visualized. Z-stacks were captured every 5

mins.

3.2.5 Image analysis

Apical divisions were defined as PH3-positive cells in contact with the apical surface, visible as
a gap in the nuclear counterstain. Non-apical divisions were defined as PH3-positive cells at
least one cell diameter from the apical surface, which can be determined by the presence of a

Sytox counterstained nucleus in between PH3 signal and the apical surface.
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3.2.5.1 Generating transverse reconstructions

Confocal z-stacks where digitally resliced to generate transverse views referred to as ‘transverse

reconstructions’ using the ‘Orthoslicer’ function in IMARIS®.

3.2.5.2 Drift correction

Drift in x, y and z in live imaging movies was corrected using the drift correction option within

the ‘spots’ function in IMARIS®.
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3.3 Results

It has previously been shown by Kimura and colleagues that the Tg(vsx/:GFP) line labels a
population of non-apical neuronal progenitors in the spinal cord (Kimura et al. 2008). This was
the first indication that the developing zebrafish central nervous system contained non-apical
progenitors. However, it remains unknown what the size of the non-apical progenitor population
is, whether or not vsx/ marks the whole population of non-apical progenitors in the zebrafish

neural tube, or what the contribution of non-apical progenitors might be to neurogenesis.

To further characterise non-apical divisions throughout zebrafish embryonic development, wild
type and transgenic embryos were fixed at 24, 36, 48 and 72 hpf and mitoses were visualised
using the anti-phospho histone H3 (PH3) antibody. High z-resolution confocal z-stacks were
obtained of the hindbrain, spinal cord (both dorsal views) and telencephalon (frontal view) of
these embryos. A nuclear counterstain (Sytox) was used to reveal the general morphology of the
neural tube, allowing clear identification of the apical surface and basal edge of the tissue. From
these images it is possible to visualise where cells are entering mitosis within the tissue. Mitotic
cells were considered non-apical if they were at least one cell diameter away from the apical
surface (discernable by the presence of a nuclei in between the division and the ventricle).
Furthermore, quantification of the total number of PH3-positive cells was used as a proxy for

overall proliferation in the regions we have analysed.

This approach, analysing mitoses in fixed embryos, allowed me to carry out an unbiased search
for all non-apical divisions in the hindbrain, spinal cord and dorsal telencephalon at multiple
stages throughout embryonic development. I specifically looked at:

* The number of non-apical progenitors in the tissue.

* Spatial distribution of cells along the dorsoventral and apicobasal axis.

*  Co-expression of non-apical PH3 and our genes of interest (vsx/, olig2 and tbr2).

3.3.1 Spinal cord

The spinal cord remains a small and relatively simple structure throughout embryonic
development. At 24 hpf it is an elliptically shaped primitive neural tube with a lumen located at
the midline of the tissue, visible as a distinctive gap in the nuclear counterstain (Figure 3-2). At
this stage neuroepithelial cells constitute the majority of the tissue and they all maintain
connection to the apical surface. As neurogenesis progresses and neuroepithelial cells
differentiate, the VZ shrinks. This causes the lumen to change shape, starting around 48 hpf,
converting the lumen into the central canal, which is located in the ventral portion of the spinal
cord (dotted line Figure 3-2G and H; Salta et al. 2014). This process continues until
approximately 52 hpf.
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3.3.1.1 Non-apical divisions are found in the ventral spinal cord during early
neurogenesis

In order to visualize and characterize non-apical progenitor populations in the developing

embryonic spinal cord I imaged a 5-somite length of the spinal cord, approximately between

somite 9 and 14, and analysed dorsal views and transverse reconstructions of z-stacks of the

tissue. While the majority of mitoses are located on the apical surface, a small number of

mitoses are found at the basal surface of the neural tube 24, 36, 48 and 72 hpf (arrowheads in

Figure 3-2A-H).

Quantification of the total number of PH3-positive cells in each 5-somite length of spinal cord
shows that proliferation in the spinal cord peaks at 36 hpf (mean + SEM = 35.11 + 1.69 PH3+
cells; n = 9 embryos; Figure 3-21). The number of mitotic cells then decreases towards zero at

72 hpf (mean + SEM = 3.43 + 1.41 PH3+ cells; n=7 embryos).

On average only one non-apical division was observed per 5-somite length of spinal cord from
24 to 48 hpf (mean + SEM = 24 hpf: 1 + 0.43, n = 7 embryos. 36 hpf: 1.11 + 0.31; n =9
embryos. 48 hpf: 0.67 = 0.33; n = 7 embryos; Figure 3-2J). I have only observed 1 non-apical
division at 72 hpf (n = 19 embryos, Figure 3-2D and H). Non-apical progenitors represent
around 3% of all divisions in the spinal cord between 24 and 48 hpf (% + SEM: 24 hpf=3.4 +
1.5; 36 hpf = 3.2 £ 0.9; 48 hpf = 3.3 = 1.7). Reconstructions in the transverse plane show that
non-apical divisions are located within a particular ventral region of the spinal cord throughout
early development (Figure 3-2E-H). Furthermore, non-apical mitoses coexpress HuC/D

(Figure 3-2K-N; 86%, n = 4 embryos), which is often assumed to be a neuronal protein.
In summary, these data show that the spinal cord contains a small yet stable population of non-

apical progenitors in the first three days of embryonic development, which are restricted to a

ventrolateral region of the developing spinal cord.
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Figure 3-2: Non-apical progenitors in the spinal cord are found in a specific dorsoventral location.
Single z-slices of dorsal views (A-D) and transverse reconstructions (E-H, dorsal is up) of the spinal cord
at 24 hpf (A and E), 36 hpf (B and F), 48 hpf (C and G) and 72 hpf (D and H) embryos showing
immunoreactivity for PH3 (mitotic cells, magenta) and counterstained with Sytox (nuclei, blue). Mitoses
can be seen at the apical and basal surfaces. Arrowheads show non-apical divisions. Dashed line shows
the basal surface. Gap in Sytox staining at the midline shows the apical surface, highlighted by the dotted
line in C, D, G and H. Scale bars show 20 um. I) Graph showing the average number (+ SEM) of PH3-
positive cells per 5-somite length of spinal cord. Asterisks refer to P values from Tukey’s multiple
comparisons test of one-way ANOVA (F =47.29; P < 0.0001; d.f. = 3, 25). J) Graph showing the mean
number + SEM of non-apically located PH3-positive cells in a S-somite length of the spinal cord. The
number of non-apical mitoses does not vary significantly through embryonic development (Kruskal-
Wallis; H = 7.343; d.f. = 4,29; P = 0.0617). K-N) Single z-slice of a dorsal view of the spinal cord of a 36
hpf embryo counterstained for nuclei (Sytox, blue, K) and showing immunoreactivity for HuC/D (green,
L) and PH3 (magenta, M). A non-apical mitotic cell is circled; showing immunoreactivity for HuC/D.

Apical surface is shown by dotted line. Scale bars show 20 pm.
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3.3.1.2 Non-apical progenitors in the spinal cord express vsxI:GFP

Currently the only published non-apical neuronal progenitor population in zebrafish expresses
vsxI:GFP (Kimura et al. 2008). To determine what proportion of the observed population of
non-apical progenitors express vsx/:GFP I examined PH3 immunolabelled cells in vsx/:GFP
embryos. I only looked at 24 — 48 hpf embryos as I found that the non-apical progenitors are
extremely scarce at 72 hpf. At 24 hpf, vsx/:GFP expression can be seen in a few cells in the
developing spinal cord in dorsal 3D reconstructions (mean + SEM = 55.8 + 5.69 vsx/:GFP+
cells per 5-somite length; n = 5 embryos; Figure 3-3A and J). These cells are located at the
basal edge of the neural tube (Figure 3-3A and D) and limited growth of axons is observed at
this stage (arrow in Figure 3-3D). In dorsal views at 36 and 48 hpf the vsx/:GFP axon tracts
running along the anteroposterior axis are more visible and a greater number of GFP-expressing
cells can be seen (mean + SEM = 36 hpf: 100.25 £ 9.93 vsx1+ cells per 5-somites; n = 4
embryos; Figure 3-3B and J. 48 hpf: 178 = 13.6 vsx1+ cells per 5-somites; n = 4 embryos;
Figure 3-3C and J). Reconstructions in a transverse plane show that vsx/:GFP-expressing cells

are restricted to a ventral domain of the spinal cord (Figure 3-3D-I).

I next looked at PH3 immunoreactivity in Tg(vsx/:GFP) embryos. At 24 hpf almost all non-
apical mitoses expressed vsx/:GFP (9/10 PH3-positive cells express vsx/:GFP; n = 5 embryos;
Figure 3-4A, B and G). At 36 hpf and 48 hpf approximately 80% of non-apical divisions
expressed vsx/:GFP (36 hpf: 4/6 PH3-positive cells express vsx/:GFP; n = 4 embryos; Figure
3-4C, D and G. 48 hpf; 7/9 PH3-positive cells express vsx/:GFP; n = 5 embryos; Figure 3-4E,
F and G). These data show that the majority of non-apical divisions in the spinal cord express

vsxl.

To confirm this I analysed mitoses in time-lapse movies taken of the spinal cord of
Tg(vsx1:GFP) embryos. The zebrafish spinal cord is well suited to live imaging experiments,
mostly due to the transparency of the embryos. In this model system, cell divisions in the whole
spinal cord from 18 — 30 hpf can be monitored by the injection of mRNA encoding nuclear-RFP
at the 1 cell stage and following changes in the morphology of the nucleus. I carried out this
experiment in Tg(vsx/:GFP) embryos in order to see if all non-apical mitoses do in fact express
vsxI:GFP. In these movies, all observed nuclear-RFP labelled nuclei that underwent non-apical
division also expressed vsx/:GFP (Figure 3-5A and Supplementary Movie 3-1; n = 6
embryos). This supports the data obtained from fixed embryos, that suggests almost all non-
apical divisions express vsx/ at 24 hpf (Figure 3-4). In these movies, vsx/:GFP cells appear in a
spaced or periodic pattern along the anteroposterior axis of the spinal cord at 20 hpf, and the
next vsx/:GFP neurons appear in the intervening space (Figure 3-5B; Supplementary Movie

3-2; and discussed in detail in Chapter 4)
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Taken together these data show that vsx/ is expressed by all non-apical progenitors from 18 to
28 hpf but as development and neurogenesis progresses, the proportion that express this marker
decreases to around 80%. As vsx/:GFP-expressing cells have previously been shown to
generate pairs of V2a/V2b interneurons, the majority of non-apical progenitors in the zebrafish

spinal cord directly contribute to the production of these spinal cord interneurons.
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Figure 3-3: VsxI expression in the embryonic spinal cord is restricted to a single dorsoventral
domain throughout embryonic development. Single z-slices of dorsal view (A-C) and transverse
reconstructions (D-F) of the spinal cord of Tg(vsx/:GFP) embryos (green) counterstained with Sytox
(nuclei, blue). A dashed line shows the basal surface, apical surfaces are shown by gap in nuclei at the
midline of the tissue. Vsx/:GFP signal is initially seen in a small number of individual cells at the basal
surface (A) and restricted to a ventral region of the spinal cord at 24 hpf (D). The number of vsx/:GFP-
expressing cells increases at 36 and 48 hpf (B and C, respectively and J). Axons can be seen extending
ventrally, shown by arrow in D and F. G-I) Schematic representations of the location of vsx/:GFP
expression on the dorsoventral axis. Green boxes represent region of GFP expression, blue line shows the
basal surface and the orange line shows the apical surface. J) Graph showing the average number of

vsx1:GFP-expressing cells at different stages of development.
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Figure 3-4: Non-apical progenitors in the spinal cord express vsxI:GFP. Single z-slices of dorsal
views (A, C and E) and transverse reconstructions (B, D and F) of the spinal cord of vsx/:GFP (green)
expressing embryos showing immunoreactivity for PH3 (mitotic cells, magenta) and counterstained with
Sytox (nuclei, blue). These images show non-apical mitoses expressing vsx/:GFP at 24 (A and B), 36 (C
and D) and 48 hpf (E and F). A dashed line shows the basal surface, apical surface is shown by gap in
nuclei at the midline of the tissue or dotted lines. Arrowheads show non-apical divisions. Scale bars = 20
um. G) Graph showing the percentage of non-apical divisions observed expressing vsx/:GFP. Between

24 and 48 hpf a high proportion of non-apical progenitors express vsx/:GFP.
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Figure 3-5: Live imaging in the early embryonic spinal cord shows the whole population of non-
apical divisions at 24 hpf expresses vsxI:GFP. A) 3D reconstruction of a non-apical mitosis in
Tg(vsx1:GFP) embryos injected with nuclear-RFP and imaged from 18 — 30 hpf. Divisions can be
observed by change in the morphology of the nucleus. In (i) the nucleus is rounded and the separated
chromosomes can be observed in (ii). The nuclei of the daughter cells can be seen to condense again from
10 mins after division (iii). All of the mitoses observed in a non-apical location expressed vsx/:GFP. B)
Early in development vsx/:GFP cells show a long distance spacing pattern along the anteroposterior axis
(i). Later on, new vsx/:GFP cells appear in the intervening space (ii). The first dividing cells are shown
by blue dots and later dividing cells are shown by purple dots. Dotted line shows the apical surface and

dashed line shows the basal surface. Scale bar = 25 pm.
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3.3.1.3 A small proportion of spinal cord non-apical progenitors express olig2

Our data characterizing non-apical progenitors in the embryonic spinal cord has identified that a
small proportion of non-apical progenitors do not express vsx/. These non-apical mitoses are
still restricted to a ventrolateral region of the tissue and are most common at time points that
correspond to later stages of neurogenesis and the onset of gliogenesis (36 hpf and later). IT has
previously been shown that oligodendrocyte precursor cells (OPCs) undergo non-apical
divisions during spinal cord gliogenesis (Roberts & Appel 2009). OPCs are derived from the
olig2-expressing pMN progenitor domain located directly ventral to the vsx/-expressing V2
domain (Figure 3-1A). Therefore, the molecularly unidentified proportion of non-apical
progenitors in the spinal cord might be derived from the pMN domain, which expresses
0lig2:GFP. From 24-48 hpf GFP expression in the Tg(o/ig2:GFP) reporter line is found in cells
in the ventral spinal cord (Figure 3-6). At 24 hpf I observed non-apical mitoses just dorsal to
the 0lig2:GFP expression domain, but none expressing this transgene (Figure 3-7B and I). At
36 and 48 hpf, a small population of non-apical progenitors coexpress olig2:GFP (36 hpf: 3/9
PH3-positive cells; n = 5 embryos; arrowheads in Figure 3-7D; example of an olig2-negative
PH3 cells shown by an arrowhead in Figure 3-7E. 48 hpf: 2/7 PH3-positive cells; n = 6
embryos; arrowheads in Figure 3-7F-G; example of an olig2-negative PH3 cells shown by

arrowhead in Figure 3-7H. Figure 3-71 shows the quantification).

From this data we can say that the pMN progenitor domain marker o/ig2:GFP is expressed in a
small proportion of spinal cord non-apical progenitors during embryonic development. This
suggests that non-apical progenitors contribute to the generation of the progeny of this
progenitor domain; although whether or not these progenitors contribute a specific cell type

(motor neurons, interneurons or oligodendrocytes) is currently unknown.

3.3.1.4 Non-apical progenitors in the spinal cord — summary and conclusion

I have identified a small population of non-apical mitoses in the developing zebrafish spinal
cord that are present from 24 to 48 hpf. The size of this population stays constant over this
developmental period, despite an increase in the total number of proliferating cells. The non-
apical progenitors in the spinal cord appear to be restricted to a ventral region of the spinal cord.
Further analysis revealed that the spinal cord contains two molecularly distinct populations of
non-apical progenitors during early zebrafish development. At 24 hpf nearly all non-apical
progenitors express vsx/ and at 36 and 48 hpf a large proportion of the non-apical progenitor
population express this marker (approximately 80%). A smaller population express olig2 at 36

and 48 hpf (20-30%). It is likely that vsx/ and olig2 together mark the entire population of non-
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apical progenitors. These data indicate that non-apically dividing progenitor cells contribute to

the generation of vsx/ interneurons as well as progeny of the o/ig2+ progenitor domain.

72



Figure 3-6: 0lig2:GFP is expressed ventrally in the spinal cord. Dorsal views (A, B and C) and
transverse reconstructions (D, E and F, dorsal is up) of the spinal cord of 0/ig2: GFP-expressing
embryos (green) counterstained for nuclei (Sytox, blue). At 24 (A and D), 36 (B and E) and 48
(C and F) hpf ventral cells in the spinal cord express olig2:GFP. A dashed line shows the basal
surface. The gap in the nuclei at the midline of the tissue shows the apical surface. Scale bars
show 20 pm. G-I) Schematic representations of the location of 0lig2:GFP expression. Dorsal is
up. Green regions represent GFP expression, blue line shows the basal surface and the orange

line shows the apical surface.
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Figure 3-7: A small proportion of non-apical progenitors express olig2:GFP during embryonic
development. Dorsal views (A, C and F) and transverse reconstructions (B, D, E, G and H, dorsal is up)
of the spinal cord of 0/ig2:GFP-expressing embryos (green) showing immunoreactivity for PH3 (mitotic
cells, magenta) and counterstained with Sytox (nuclei, blue). A and B) At 24 hpf, non-apical mitoses are
found adjacent to olig2:GFP-expressing cells, but are rarely seen expressing GFP. At 36 (D) and 48 hpf
(G) a number of non-apical mitoses express olig2:GFP, shown by empty arrowheads. At these time
points, PH3 cells are also found adjacent to, but not coexpressing olig2:GFP (E and H, respectively). A
dashed line shows the basal surface, apical surfaces are shown by gap in nuclei at the midline of the tissue
or by a dotted line. Scale bars show 20 um. G) Graph showing the percentage of non-apical divisions

observed expressing olig2:GFP.
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3.3.2 Hindbrain

The zebrafish hindbrain undergoes large-scale morphological change and growth between 17
and 24 hpf. Shortly after the apical surface is formed at the midline of the neural tube (around
17 hpf), the two lateral sides of the tube separate to create a lumen that then inflates to form the
fourth ventricle. During this process the dorsal most aspect of the tube expands, the roof plate
thins and stretches as the rhombic lips move apart. This results in a Y-shaped apical surface of
the neural tissue facing the ventricle from 24 hpf (Figure 3-8). The neuroepithelial cells
maintain contact with the apical and basal surfaces through this morphological change, resulting
in each cell taking on a curved morphology (shown schematically in Figure 3-8K-M).
Neuroepithelial cells continue to divide at the apical surface and the neurons migrate basally
into the mantle zone, which gradually increases in size through embryonic development (Lyons
et al. 2003). The marginal layer, which contains the axons and dendrites (neuropil) of the
neurons, is located on the ventrolateral aspect of the neural tube at 24 hpf and then on the

ventral aspect of the hindbrain at 36 and 48 hpf (light grey area, Figure 3-8K-M).

In order to analyse the location of divisions in the developing hindbrain in comparable regions
across multiple embryos, I analysed the tissue from the caudal border of rhombomere 2 to 150

um posterior to the otic vesicles.

3.3.2.1 Non-apical progenitors are present in three spatial locations in the
hindbrain
Most mitoses are found at the apical surface in the hindbrain, visible as a gap in the nuclear
counterstain (Figure 3-8A-J). The number of mitotic cells peaks at 36 and 48 hpf (mean + SEM
=36 hpf: 163.38 + 20.3; n = 8 embryos. 48 hpf: 161.13 £ 31.1; n = 8 embryos; Figure 3-8N).
The number of proliferative cells decreases dramatically to 19.6 (= 3.4) mitotic cells per
hindbrain at 72 hpf (n = 5 embryos; Figure 3-8N). Non-apical PH3-expressing mitoses can be
seen in dorsal views and transverse reconstructions of the tissue (arrowheads in Figure 3-8A-J).
There is a significant increase in the number of non-apical divisions observed from 24 hpf to 48
hpf (Figure 3-80). As well as increasing in number as development progresses, non-apical
progenitors represent an increased proportion of all mitotic cells (% + SEM 24 hpf=3.3 + 1; 36
hpf=7.2 +1.7; 48 hpf =17.9 + 3.8). No non-apical progenitors were observed in the hindbrain at
72hpf (Figure 3-80).

Transverse reconstructions of the hindbrain indicate that non-apical progenitors are spatially
restricted at 24 hpf, appearing in a ventral region reminiscent of where I observed non-apical
mitosis in the spinal cord (Figure 3-8D). At this stage all non-apical divisions appear to take

place on the basal edge of the mantle zone (Figure 3-8D). However, at 36 and 48 hpf non-apical
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divisions occur in different spatial compartments: (1) at the basal extremity of the mantle zone
in the ventromedial quadrant of the tissue (ventromedial basal; VMB; Figure 3-8E and F); (2) a
cell diameter or more away from both the apical and basal surface (subapical; SA; Figure 3-8G
and H); and (3) on the basal surface of the hindbrain in the dorsolateral quadrant (dorsolateral
basal; DLB; Figure 3-81 and J). The spatial distribution of non-apical mitoses does not differ
significantly between 36 and 48 hpf, Figure 3-80). These non-apical mitotic cells are found on
the edge of HuC/D-labelled marginal zone in the hindbrain and the majority show
immunoreactivity for HuC/D (percentage coexpressing = SEM: 59.4 + 14.9; n = 3 embryos;
Figure 3-8Q-S).

The observation that non-apical mitoses are found in three spatial locations the hindbrain
suggests that different subpopulations of non-apical neural progenitors may exist in the

hindbrain.

3.3.2.2 A subpopulation of hindbrain non-apical progenitors express vsx/:GFP

In the spinal cord the majority of non-apical progenitors express vsx/:GFP. I wanted to
determine if the non-apical progenitors in the hindbrain also express vsx/. Three dimensional
renders of dorsal views of the hindbrain at 24 hpf show a small number of cells expressing
vsxI:GFP at 24 hpf and that the number increases through 36 and 48 hpf (Figure 3-9A-C).
Transverse reconstructions of the tissue (Figure 3-9i and ii, taken at dotted lines in Figure
3-9A-C) show that these cells are restricted to a dorsal region of the tissue at 24 and 36 hpf
(Figure 3-9Ai, D, Bi, Bii and E) and that at 48 hpf in some regions there is a dorsolateral zone

of vsx1:GFP expression (arrow in Figure 3-9Ci and F).

Next, I looked at PH3 immunoreactivity in Tg(vsx/:GFP) embryos. At 24hpf, all observed non-
apical mitoses expressed vsx/:GFP (6/6 PH3-positive cells; n = 4 embryos; Figure 3-10A, B
and K), but at 36 and 48 hpf the number of non-apical divisions expressing vsx/:GFP drops to
around half (36 hpf: 35/51 PH3-positive cells; n = 5 embryos; Figure 3-10C-F and K. 48 hpf:
36/89 PH3-positive cells; n = 5 embryos Figure 3-10G-K). Within the different spatial
populations in the hindbrain, at 36 hpf almost all VMB and SA divisions coexpressed vsx/:GFP
(18/22 VMB PH3+ cells; 17/18 SA PH3+ cells; n = 5 embryos; Figure 3-10), while no
coexpressing DLB cells were observed (0/11 DLB PH3+ cells, n=5 embryos). At 48 hpf, the
proportion of VMB and SA divisions expressing vsx/:GFP decreased (2/5 VMB PH3+ cell;
28/70 SA PH3+ cells; n =5 embryos, Figure 3-10L) and an increased number of DLB divisions
expressed vsx/:GFP (6/14 DLB PH3+ cells, n = 5 embryos, Figure 3-10L). In summary, vsx/
expression in spatial subgroups of non-apical progenitors in the hindbrain shifts during the first

three days of development.
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Figure 3-8: Non-apical divisions are found in multiple spatial locations in the developing embryonic
hindbrain. A-J) Wild type embryos showing immunoreactivity for PH3 (mitotic cells, magenta) and
counterstained for nuclei with Sytox (blue). Single z-slices of dorsal views of the hindbrain at 24 hpf (A),
36 hpf (B), 48 hpf (C) show PH3-positive cells at non-apical locations (arrowheads). Insets show higher
magnifications of the boxed regions. D-J) Transverse reconstructions allow the visualisation of the
location of non-apical divisions on the dorsoventral and mediolateral axis in the hindbrain. At 24 hpf
basal divisions are located on the basal extremity of the mantlezone (D), while at 36 hpf and 48 hpf
divisions can be seen at ventromedial basal (E and F), subapical (G and H) and dorsolateral basal
locations (I and J). Dashed line shows basal surface. OV = otic vesicle. Scale bars show 20 pm. K-M)
Schematic diagrams illustrating the structure of the hindbrain from a transverse view, at the level of the
otic vesicle at 24 hpf (K), 36 hpf (L) and 48 hpf (M). The dark grey shows the mantlezone, which
contains the cell bodies and can be visualized using a nuclear counterstain and the light grey shows the
marginal zone containing the axons. The orange line shows the apical surface, the solid blue line shows
the basolateral surface and the dashed blue line shows the basal extremity of the mantlezone. The shape
of neuroepithelial cells is shown by black lines and circles, which represent nuclei. Purple regions
represent the three spatial locations non-apical progenitors are found in. N) Graph showing the average
number (+ SEM) of divisions in the hindbrain through early development. Asterisks refer to P values
from Tukey’s multiple comparisons test of one-way ANOVA (F = 11.64; P < 0.0001; d.f. = 3, 24). O)
Graph showing the average number (= SEM) of non-apical divisions in the hindbrain at each stage.
Asterisks refer to P values from Tukey’s multiple comparisons test of (Kruskal-Wallis; U = 22.86; d.f. =
4,28; P < 0.0001). P) Graph showing the proportion of non-apical divisions occurring in each spatial
compartment. The number of non-apical mitoses in each location is significantly different (Two-way
ANOVA, F(1,36) = 0.8752; MSE = 174.1; P = 0.4255) but the number of non-apical mitoses in each
location does not change significantly between 36 and 48 hpf (Two-way ANOVA, F(2,36) = 9.14x10°";
MSE = 1.819 x10™%; P > 0.99). Q-R) 36 hpf wild type embryo showing immunoreactivity for HuC/D
(green) and PH3 (magenta) and counterstained for nuclei (Sytox, blue). Non-apical mitotic cells are found
on the medial edge of HuC/D expression and express HuC/D. Dotted line shows the apical surface. Scale

bars show 20 pm. DLB = dorsolateral basal, SA = subapical, VMB = ventromedial basal.
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Figure 3-8
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Figure 3-9: Expression of vsx/:GFP in the hindbrain. A-C) Dorsal views of 3D renders of the
hindbrain of Tg(vsx/:GFP) embryos (anterior is up), counterstained for nuclei (Sytox, blue) at 24 (A), 36
(B) and 48 hpf (C) show increasing numbers of vsx/:GFP cells through development. Transverse
reconstructions (labelled i or ii, taken at dotted lines in A-C; dorsal is up) of the tissue show that
vsx1:GFP expression is limited to a ventral region of the neural tube. At 48 hpf there is also some
vsx1:GFP expression in the dorsolateral quadrant (Ci, shown by an arrow). Dashed line shows the basal
surface. D-F) Schematic representations of the location of vsx/:GFP expression in transverse views.
Green area shows vsx/:GFP expression. The orange line shows the apical surface, solid blue line shows
the basolateral surface and dashed blue line shows the basal extremity of the mantlezone. Scale bars = 25

um.
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Figure 3-9
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Figure 3-10: A large proportion of non-apical progenitors in the hindbrain express vsxI. Single z-
slices of dorsal views (anterior is up) or transverse reconstructions (dorsal is up) of the hindbrain of
Tg(vsx1:GFP) (green) embryos at 24 (A — B) , 36 (C — F) and 48 (G — J) hpf showing immunoreactivity
for PH3 (magenta) and counterstained with Sytox (nuclei, blue). Insets show a higher magnification of
the boxed region in the dorsal views. At 24 hpf, non-apical progenitors (arrowheads) can be seen
expressing vsx/:GFP in dorsal views (A) and transverse reconstructions (B). At 36 hpf, the vsx/ -GFP
signal colocalises with ventromedial basal and subapical PH3-positive cells (arrowheads in D and E,
respectively), but not with cells dividing in dorsolateral basal locations (F). At 48hpf, non-apical mitoses
can be seen in dorsal views (G) and transverse reconstructions (H-J). Examples of non-apical PH3-
positive cells coexpressing vsx/:GFP in ventromedial basal (H), subapical (I) and dorsolateral basal (L)
locations (See arrowheads). OV = otic vesicle. Dashed line shows basal surface. Scale bars = 25 pm. K)
Graph showing the percentage of non-apical divisions that coexpress vsx/:GFP. The asterisks refer to P
values from Dunn’s multiple comparisons test of Kruskal-Wallis U test (H = 8.427; P = 0.0046; d.f. = 3,
13). L) Percentage of non-apical divisions in each location that coexpress vsx/:GFP. Asterisks refer to P
values from Tukey’s multiple comparisons test of two-way ANOVA (F (2,329) =12.7, P =0.0001). DLB

= dorsolateral basal, SA = subapical, VMB = ventromedial basal.
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Figure 3-10; Page 1
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3.3.2.3 Olig2-expressing non-apical mitoses are rare in the zebrafish hindbrain

During the first two days of development expression of 0/ig2:GFP is limited to a small number
of cells in the hindbrain (Figure 3-11A-C). At 24 hpf, two spatial groups of olig2:GFP-
expressing cells are seen: (1) rostral to the otic vesicles, small numbers of 0lig2:GFP cells are
visible in a dorsolateral location rostral to the otic vesicles (Figure 3-11A and A-i); and (2) a
cluster of olig2:GFP-expressing cells are present in the ventromedial region of the hindbrain at
the level of the otic vesicles (Figure 3-11A and A-ii). A similar expression pattern is found at
36 hpf (Figure 3-11B-i and B-ii), however at this stage two ventromedial clusters of olig2:GFP-
expressing cells are seen (Figure 3-11B). By 48 hpf the olig2:GFP-expressing cells have
become more spread throughout the tissue and individual GFP-positive cells can be identified
(Figure 3-11C). In transverse reconstructions more rostral regions contain dorsolateral
olig2:GFP-expressing cells (Figure 3-11C-i) while adjacent to the otic vesicles there is a
ventromedial population of ol/ig2:GFP-expressing cells (Figure 3-11C-ii). These expression

patterns are summarised in the schematic in Figure 3-11D-F).

When I analysed PH3-labelled divisions in Tg(olig2:GFP) embryos (Figure 3-12) I found that,
for the most part, in 0/ig2:GFP embryos GFP expression appeared in different regions of the
hindbrain to where non-apical divisions were seen (Figure 3-12). However, I did observe a very
small number non-apically dividing cells expressing the pMN progenitor domain marker

olig2:GFP at 36 hpf (3/76 PH3-positive cells; n = 5 embryos; Figure 3-12E and I).

3.3.2.4 Hindbrain summary and conclusions

These data show that the hindbrain contains spatially distinct populations of non-apical
progenitors in early embryonic neurogenesis. At 24 hpf the non-apical progenitors are restricted
to a ventrolateral region of the tissue, as is seen in the spinal cord. As the tissue grows, at 36 and
48 hpf populations of non-apical progenitors are found in ventromedial basal, subapical and
dorsolateral basal locations. The majority of non-apical mitoses in the hindbrain express vsx/
while a scarce population expresses o/ig2, and at 36 and 48 hpf there is an expanding population
of non-apical divisions that do not express either marker. At 36 hpf the non-apical divisions in
dorsolateral regions lack vsx/ expression and by 48 hpf vsx/ expression in ventromedial basal
and subapical progenitors has decreased but increased in the dorsolateral basally dividing cells.

We do not know the identity of the vsx/:GFP and olig2:GFP-negative non-apical progenitors.
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Figure 3-11: Expression of 0lig2:GFP in the hindbrain. Dorsal views of a 3D render (A-C, anterior is
up) and transverse reconstructions (i and ii, taken at dashed lines in A-C; dorsal is up) of the hindbrain of
olig2:GFP (green) embryos with nuclear counterstain (Sytox, blue) at 24 (A), 36 (B) and 48 hpf (C). A)
At 24 hpf there is a limited amount of 0/ig2:GFP expression which includes a small number of cells at the
level of the otic vesicle which span the apicobasal axis of the tube in ventromedial regions (A-ii) and a
second small region caudal to the otic vesicles which contains GFP signal in a lateral ventral region (A-i).
In 36 and 48 hpf embryos the ventromedial population of o0lig2:GFP cells expands along the
anteroposterior axis (B and C) and the lateral expression region extends along the dorsoventral axis (B-i
and C-i). Dashed lines show the basal surface. OV = otic vesicle. D-F) Schematic representations of the
location of olig2:GFP expression in transverse views. Green area shows ol/ig2:GFP expression. The
orange line shows the apical surface, solid blue line shows the basolateral surface and dashed blue line

shows the basal extremity of the mantlezone. Scale bars show 25 um.

87



Figure 3-11

36 hpf

24 hpf

48 hpf

MIIA |esio]
Jopual g¢g

uolldnJlsuodal

asIaAsuel]

Jlewayos
oSIoAnsuUel |




Figure 3-12: Non-apical progenitors in the hindbrain rarely coexpress olig2:GFP. Non-apical mitotic
cells are shown by arrowheads in single z-slices of dorsal views and transverse reconstructions at 24 (A
and B, respectively), 36 (C and D-E, respectively) and 48 hpf (F and G, respectively) of the hindbrain of
Tg(olig2:GFP) embryos showing immunoreactivity for PH3 (magenta) and counterstained with Sytox
(blue). At 36 hpf (D) shows an example of a non-apical mitosis that does not express olig2:GFP, while
(E) shows an example of a non-apical mitosis that is olig2:GFP-positive. OV = otic vesicle. Basal surface
by dashed line. Insets show a higher magnification of boxed area in A, C and G. Scale bars show 25 um.
J) Percentage of non-apical divisions in each location that coexpress olig2:GFP. DLB = dorsolateral

basal, SA = subapical, VMB = ventromedial basal.
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Figure 3-12
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3.3.3 Telencephalon

The majority of the current understanding of mammalian non-apical (basal) neuronal
progenitors has come from studies of the mammalian neocortex, which develops from the dorsal
telencephalon (pallium). Therefore, we were interested to find out whether this region of the
zebrafish neural tube also contains non-apical neuronal progenitors. Like all ray-finned fishes,
the adult teleost telencephalon has an everted structure, composed of two telencephalic lobes
separated by a T-shaped ventricle and covered by a thin tela choroidea, formed by stretching the
roof plate over the lobes (see schematics in Figure 3-13). This structure is distinct from the
hollow telencephalic lobes containing inflated lateral ventricles (evaginated telencephalon) seen

in the majority of other vertebrate species.

The developing zebrafish telencephalon has a complex 3D shape and structure that undergoes
large scale changes in the first days of development (Folgueira et al. 2012). Like the hindbrain
and spinal cord, the zebrafish telencephalon develops from a tube-like tissue. Between 19 and
27 hpf the posterior cells of the two lobes of the pallium are displaced laterally to form the
posterior telencephalic wall that faces the anterior intraencephalic sulcus (AIS). Following this,
from 2 to 5 dpf the pallium expands along the anteroposterior axis and the posterior
telencephalic wall also expands, moving dorsally and posteriorly. The embryonic telencephalon
can be considered to have three ventricular surfaces: (1) the medial ventricular surface separates
the two telencephalic lobes (MS; Figure 3-13); (2) the dorsal surface of the telencephalic lobes
(DS; Figure 3-13); and (3) the posterior telencephalic wall (PTW; Figure 3-13). There is little
differentiation in the telencephalon before 36 hpf (Folgueira et al. 2012) so, to most closely
match the developmental age range that I examined in the hindbrain and spinal cord, I chose to

analyse non-apical divisions in the telencephalon from 36 hpfto 3 dpf.

In order to standardise the region of the telencephalon analysed between specimen and ages, I
carried out this characterisation in the gata2:GFP enhancer trap lane (Et(gata2:GFP)bi105)
(Folgueira et al. 2012). This line expresses GPF in neurons in the dorsal pallium and is a good
marker of this region of the tissue from 30 hpf (Folgueira et al. 2012). Therefore, I imaged the
telencephalon frontally from the most superficial surface to the caudal limit of gata2:GFP-
expression around the posterior wall of the telencephalon. I split the volume imaged into
quarters, where quarter 1 (Q1) is the most frontal and Q4 is the most rostral. Q1 does not
contain any gata?:GFP-expressing cells as this quadrant contains predominantly the olfactory

bulb. Small numbers of gata?:GFP-expressing cells are seen in Q2 and the majority of

gata2:GFP expression is found in Q3 and Q4 from 36 — 72 hpf (Figure 3-14).
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The number of PH3-positive nuclei in fixed tissue was used to estimate the proliferation in the
telencephalon from 36 to 72 hpf. The number of apical divisions starts high at 36 hpf (mean per
embryo £ SEM = 7233 £ 4.78; n = 6 embryos; Figure 3-15M) and decreases through
embryonic development (48 hpf: mean per embryo = SEM = 50.40 + 5.89; n = 5 embryos; 72
hpf: mean + SEM = 41.80 + 2.08; n = 5 embryos; Figure 3-15M). The number of proliferative
cells at 72 hpf is much higher in the telencephalon than the hindbrain or spinal cord. However,
only a very small number of non-apically located PH3+ nuclei were observed in the
telencephalon at all stages from 36 to 72 hpf (shown by arrowheads in Figure 3-15). These cells
are not found at the basal extremity of the telencephalon but instead reside in subapical
locations. The number of non-apical mitoses does not change significantly between 36 and 72
hpf (mean per embryo + SEM = 36 hpf: 0.83 + 4.78; 1.2% of total divisions; n = 6 embryos;
Figure 3-15N. 48 hpf: 2.40 £ 0.60; 4.8% of total divisions; n = 5 embryos; Figure 3-15N. 72
hpf: 1.00 £ 0.55; 2.4 % of total divisions; n = 5 embryos; Figure 3-15N).

Next, to investigate the molecular identity of non-apical progenitors in the dorsal telencephalon

I looked specifically at vsx/ and olig2, as in the hindbrain and spinal cord, as well as tbr2.

3.3.3.1 Olig2 is not expressed in the zebrafish pallium

In the spinal cord, olig2:GFP labels a population of non-apical progenitors that increases over
the first 3 days of development. In order to see if the non-apical progenitors in the telencephalon
also express 0lig2:GFP I analysed Tg(olig2:GFP) transgenic embryos. However, 1 found that
olig2:GFP is only expressed in the ventral telencephalon (subpallium) from 24 hpf to 72 hpf (n:
36 hpf = 6 embryos; 48 hpf = 6 embryos; 72 hpf = 7 embryos; data not shown). Therefore, as
GFP expression is not seen in the same region of the telencephalon that contains non-apical

mitoses, olig2 is not a marker of non-apical progenitors in the telencephalon.

3.3.3.2 Thr2 is expressed in post-mitotic neurons in the telencephalon

In the mammalian cortex, Thr2 is expressed in basal intermediate progenitors (bIPs; Englund et
al. 2005). However, in the zebrafish neural tube, tbr2 (eomesa) has only been reported to be
expressed in a subset of differentiated neurons in the pallium (Mueller et al. 2008). To address
whether thr2 might also label non-apical progenitor cells in the zebrafish telencephalon, I
carried out immunohistochemistry on 36, 48 and 72 hpf in Tg(tbr2a:dsRed) embryos to
visualise PH3-expressing cells and nuclei. However, I did not observe any dividing ¢br2:dsRed-
expressing cells (data not shown; n: 36 hpf = 6 embryos; 48 hpf = 5 embryos; 72 hpf = 6
embryos). These data suggests thr2 is a marker of post-mitotic neurons in the zebrafish

telencephalon, not basal (non-apical) progenitors as is known in the mammalian cortex.
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3.3.3.3 VsxI is expressed in the telencephalon and may label non-apical progenitors
Vsx1 expression has been reported in the zebrafish retina, hindbrain and spinal cord by in situ
hybridisation and GFP expression in the Tg(vsx/:GFP) transgenic line (Passini et al. 1998;
Kimura et al. 2008). However, I noticed that a small number of cells expressed vsx/:GFP in the
telencephalon of Tg(vsx/:GFP) embryos. To see if this GFP expression is evidence of
endogenous vsx/ expression I carried out in situ hybridisation for this gene in 2 dpf
Tg(vsx1:GFP) embryos. VsxI mRNA-expressing cells are located in medial regions of the
pallium, just lateral to the VZ (Figure 3-16B and D), while vsx/:GFP cells are located more
laterally (Figure 3-16C and D). There are a small number of cells that express both vsx/ mRNA
and vsx/:GFP (arrow head in Figure 3-16A-D). As there is little overlap between vsx/ mRNA
and vsx/:GFP-expressing cells, it is likely that vsx/ is only expressed in cells for a short period
of time, after leaving the ventricular surface. In this case, as GFP protein is relatively stable its
expression acts as a lineage marker, allowing us to follow the fate of cells that once expressed

vsx] mRNA.

I next looked at PH3-labelled mitoses in 36, 48 and 72 hpf Tg(vsx/:GFP) fixed embryos. I did
not observe any non-apical mitoses that coexpressed vsx/:GFP at these stages (data not shown;
n: 36 hpf = 7 embryos; 48 hpf = 6 embryos; 72 hpf = 6 embryos). However, as vsx/:GFP
expression is visible from earlier in development, I also looked at 24 hpf embryos. In these
samples I observed a single vsx/:GFP-expressing cell undergoing mitosis in a subapical location
(Figure 3-16E; n= 8 embryos). This observation suggests that vsx/ is expressed in a scarce

population of non-apical progenitors in the telencephalon at 24 hpf.

3.3.3.4 Telencephalon summary

These data show that between 36 and 72 hpf the zebrafish telencephalon contains a population
of non-apical progenitors. These mitotic cells are located in a subapical location, do not express
either olig2 or thr2 but a small faction of this population of progenitors might express vsx/ at 24

hpf. The identity of non-apical progenitors in the telencephalon therefore is currently unknown.
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Figure 3-13: Morphology of the telencephalon. Schematics of the 3D structure of the telencephalon
(shown in grey). A) Dorsal view of the forebrain. Anterior to the left. Dotted lines show the location of B
and C. B) Schematic parasagittal section, dorsal is up. C) Schematic frontal section, dorsal is up. Orange
line shows the ventricular surface. Grey line shows tela choroidea. AC: Anterior Commissure; Di:
diencephalon; DS: Dorsal surface; Ha: Habenula; MS: Medial surface; PTW: posterior telencephalic wall;

OB: Olfactory Bulb; R: rostral; C: caudal; D: dorsal; V: ventral.
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Figure 3-14: Gata2 is expressed in neurons in the dorsal telencephalon. A — L) Outline of different
quartiles of the telencephalon at 36, 48 and 72 hpf showing the approximate location of gata2:GFP-
expression (green). Orange line shows apical surface and grey line shows the tela choroidea. Q1-Q4:
Quartile 1 (Q1) is the most frontal — Q4 is the deepest region. A’ - L.”) Single confocal z-slices of frontal
views of the telencephalon of gata2:GFP embryos 36, 48 and 72 hpf embryos counterstained for nuclei
(Sytox, blue) showing example gata2:GFP expression patterns. Dorsal is up. AC: Anterior Commissure;

Ha: Habenula; OE: Olfactory Epithelium. Scale bar = 25 pm.
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Figure 3-15: Non-apical divisions in the telencephalon are found in subapical locations. A — L)
Outline of different quarters of the telencephalon at 36, 48 and 72 hpf show the position of each non-
apical mitosis (magenta spots) observed in that quarter. Orange line shows apical surface and grey line
shows the tela choroidea. Green regions show the likely location of gata2:GFP expression (from Figure
3-14). A’ - L) Single confocal z-slices of frontal views of the telencephalon of 36, 48 and 72 hpf
embryos counterstained for nuclei (Sytox, blue) and immunostained for PH3 (magenta) showing example
non-apical divisions (arrowheads). Q1-Q4: Quarters 1 (Q1) is the most frontal — Q4 is the deepest region.
Dorsal is up. AC: Anterior Commissure; Ha: Habenula; OE: Olfactory Epithelium. Scale bar = 25 pum.
M) Graphs showing the mean (+ SEM) number of apical mitoses in the telencephalon per embryo. A
significant decrease is seen from 36 to 72 hpf. Asterisks refer to the p value from Dunn’s multiple
comparisons test of Kruskal-Wallis U test (H = 9.125; P = 0.0041; d.f. = 3, 16). N) Graph showing the
mean (+ SEM) number of non-apical mitoses in the telencephalon per embryo. The number of non-apical
divisions does not vary significantly from 36 to 72 hpf (One-way ANOVA F(2, 150) = 2.781, p <
0.0987).
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Figure 3-16: VsxI is expressed in the telencephalon and may label non-apical mitotic cells. A-D)
Single z-slices of a dorsal view of 2 dpf Tg(vsx/:GFP) embryos (green) after in situ hybridisation for vsx/
mRNA (red), counterstained for nuclei (Sytox, blue). Cells expressing vsx/ mRNA are located in more
medial regions than vsx/:GFP-expressing cells. Cells positive for both vsx/ mRNA and vsx/:GFP are
visible (arrow head). Apical surface shown by dotted line. Scale bar = 25 pm. OE = olfactory epithelium.
E) A frontal view of the telencephalon of a 24 hpf Tg(vsxI:GFP) (green) embryo showing
immunoreactivity for PH3 (magenta) and counterstained for nuclei (Sytox, blue). Ei-iii) Higher
magnification of the boxed region in E. Arrow shows a non-apical mitotic cell that expresses vsx/:GFP.

Scale bar = 25 um. OE = olfactory epithelium.

101



Figure 3-16
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3.4 Discussion

Previous studies of non-apical (basal) progenitors have been largely limited to the developing
mammalian cortex. The data presented in this chapter identifies a small population of non-apical
progenitors in the zebrafish embryonic spinal cord, hindbrain and telencephalon during
neurogenesis. The spatial and molecular characteristics of these non-apical progenitors vary
between regions of the neural tube and through development (summarised in Table 3-1). This is
the first thorough characterisation of non-apical divisions in the zebrafish neural tube. To our
knowledge, this is also the first thorough characterisation of non-apical progenitors in the spinal

cord of any species.

Non-apical progenitors in the mammalian cortex have been postulated to generate the increased
neuron numbers that underlie evolutionary mammalian cortical expansion (see section 1.2 for a
full discussion), however non-apical progenitors are present in small and compact brains (this
thesis and Martinez-Cerdefio et al. 2006; Kimura et al. 2008). Studying these progenitors in the
relatively small and compact zebrafish neural tube could provide us with insights into this

hypothesis as well as any non-expansive functions of these progenitors.

To better understand the role of non-apical progenitor population in zebrafish neurogenesis I
specifically analysed their number, location and the markers they express in fixed specimen
between 24 and 72 hpf. A major limitation to characterising mitotic cells in fixed tissues is that
each specimen only provides a snapshot of the mitoses that are occurring in a very short space
of time. I tried to overcome this by carrying out live imaging in embryos injected with nuclear-
RFP at the 1 cell stage. However, it is technically challenging to carry out these experiments in
embryos older than 30 hpf as nuclear-RFP signal has decreased due to the metabolism of the
injected mRNA. I found that loss of nuclear-RFP signal was most notable in the marginal zone,
specifically interfering with the observation of non-apical divisions. Furthermore, in the
hindbrain and telencephalon I found it hard to follow single nuclei in time-lapse movies as the
tissue shows a high density of mobile nuclei in the marginal zone. It might be possible to
overcome all of these issues by carrying out these experiments in a transgenic line that marks
different stages of the cell cycle (e.g. FUCCI) however the lines that are currently available

label G2/S/M stages together and do not show specificity for M-phase.
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Table 3-1: Summary of non-apical progenitors in the zebrafish neural tube. Number of non-apical
progenitors shown as percentage of total PH3-labelled mitoses + SEM. Expression of vsx/:GFP,
olig2:GFP or tbr2:dsRed by non-apical progenitors (if observed) is listed. Unknown refers to the
existence of non-apical progenitors that do not express any of these genes. VMB; ventromedial basal; SA:

Subapical; DLB; dorsolateral basal.

Age Percentage Location Marker
24 hpf 34+£15 Ventral, basal Vsxl
-g 36 hpf 32+0.9 Ventral, basal Vsx1 and olig2
,':E; 48 hpf 33+1.7 Ventral, basal Vsx1 and olig2
“ 72 hpf None observed
24 hpf 33+£1 Ventral, basal Vsx1
VMB Vsxl
36 hpf 72+1.7 SA Vsx1
'g DLB Unknown
E VMB Vsx1 and unknown
48 hpf 17.9+ 3.8 SA Vsx1 and unknown
DLB Vsx1 and unknown
72 hpf None observed
- 24 hpf ? Subapical Unknown
g: 36 hpf 1.2+0.5 Subapical Unknown
g 48 hpf 4.8+0.6 Subapical Unknown
= 72 hpf 2.4+0.6 Subapical Unknown

3.4.1 The links between non-apical mitoses and tissue growth in the embryonic
zebrafish neural tube
In the mammalian cortex larger numbers and more varied populations of non-apically dividing
progenitors are correlated with increased tissue size and complexity (Betizeau et al. 2013;
Johnson et al. 2015; Florio et al. 2015). Similarly, the zebrafish hindbrain undergoes large-scale
expansion over the period of time examined here (Lyons et al. 2003) and the non-apical
progenitor population increases significantly, both in number and location. In comparison,
despite extensive differentiation occurring in the spinal cord, this tissue remains relatively

compact in the period of development up until 72 hpf. In this region, the number of non-apical
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mitoses does not change through embryonic development. Therefore, it is possible that
increasing the proportion of non-apical progenitors could aid in generating the numbers of
neurons that are required for tissue growth and expansion in the hindbrain of zebrafish embryos,

as is thought for mammalian species.

Whether or not non-apical progenitors play a role in tissue growth is not clear in the zebrafish
telencephalon. This brain region is known to undergo growth in the period analysed (Folgueira
et al. 2012), however I found that the size of the non-apical progenitor population remains very
small between 36 and 72 hpf. This might suggest that non-apical progenitors do not play a
substantial role in the extensive growth that occurs in this tissue. Alternatively, it is known that
the period of growth in the telencephalon continues until 5 dpf (Folgueira et al. 2012).
Therefore, it will be useful to extend this characterisation in the telencephalon to 5 dpf in order

to fully explore the role of non-apical progenitors in the development of this region.

The observation that individual brain regions contain non-apical progenitors with different
characteristics strongly suggests that the role of non-apical progenitors in tissue growth,

expansion and neurogenesis may be region specific.

3.4.2 Non-apical progenitors are seen region specific spatial locations

In each of the regions of the neural tube analysed in this chapter, non-apical mitoses were
located in different spatial compartments. Non-apical progenitors in the spinal cord are confined
to a specific ventrolateral location throughout embryonic development. At 24 hpf non-apical
progenitors the hindbrain are found in a similar location to those in the spinal cord but at 36 and
48 hpf I identified three, non-overlapping spatial populations of non-apical progenitors:
ventromedial basal (VMB), subapical (SA) and dorsolateral basal (DLB). Finally, the non-
apical divisions in the telencephalon were found in subapical locations, often only a single cell
diameter from the VZ. This is qualitatively different to the non-apical divisions in the hindbrain

and spinal cord, which are frequently located on the basal surface of the ventral neural tube.

It is possible that subapical divisions in the hindbrain, which occur at a distance from both the
apical and basal surfaces, are restricted from reaching the basal extremity of the neural tube by
the expansion of the marginal zone, containing differentiating and mature neurons. This is
supported by the observation that subapical progenitors in the hindbrain are located on the edge
of HuC/D expression. The idea that the formation of tissue compartments impairs a cell’s ability
to divide in a specific location resembles one put forward to explain the production of basal
progenitors in the zebrafish retina (Weber et al. 2014). This idea might also explain the

subapical location of non-apical divisions in the telencephalon, adjacent to the VZ. In this case,
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proliferation of neuroepithelial cells might mean that the VZ becomes crowded and a cell is

unable to return to the VZ prior to division and therefore divides in a subapical location.

In summary, the non-apical progenitors in the zebrafish neural tube are found in different spatial
locations in each brain region analysed. This is further evidence that each brain region has

different requirements for non-apical progenitors during development.

3.4.3 Molecular subtypes of non-apical progenitors vary by brain region

From the literature I identified three genes that could potentially be expressed in non-apical
progenitors in the zebrafish: (1) vsx/ had been identified as a basally dividing interneuron
progenitor in a previous study (Kimura et al. 2008); (2) olig?2 is expressed in oligodendrocyte
precursors which migrate dorsally from the ventral spinal cord and divide basally to generate
neurons (Park et al. 2002); and (3) the mammalian intermediate neuronal progenitor marker

Tbr2 (Englund et al. 2005).

In the hindbrain and spinal cord non-apical divisions are found in a specific ventral region
through embryonic development. At 24 hpf this region corresponds to a single progenitor
domain, p2 from which vsx/ cells are derived. Data from live imaging and fixed tissue shows
that all non-apical divisions at this stage express the Tg(vsx/:GFP) transgene. Therefore, at 24
hpf non-apical progenitors generate solely V2a and V2b interneurons. As development
continues, non-apical divisions continue to be found in the same ventrolateral region in the
spinal cord but an increasing number of non-apical divisions do not express vsx/:GFP and
instead have been found to express the pMN marker olig2:GFP. The pMN progenitor domain
produces motor neurons and interneurons as well as oligodendrocyte precursors (OPCs). The
identity of the daughter cells of o0lig2:GFP-expressing non-apical progenitors is currently
unknown. However, it is unlikely that the daughters of olig2:GFP-positive non-apical
progenitors will be oligodendrocytes because OPCs are thought to divide much later in
development and migrate to dorsal locations prior to division (Lee et al. 2010). Theoretically, it
is possible to answer this question regarding the lineage of the daughter cells of 0lig2:GFP non-
apical divisions using live imaging. However, the small number of these progenitors is, again,
the main obstacle to such an experiment. From the data presented here it appears that vsx/ and
olig? can be used to mark the entire population of non-apical progenitors in the spinal cord. To

confirm this we could look PH3-expression in embryos expressing both GFP reporter genes.
In the hindbrain at 36 and 48 hpf, the proportion of non-apical progenitors that coexpress

vsx1:GFP decreases, similar to what was seen in the spinal cord. Unlike the spinal cord, these

vsx1:GFP negative cells were not found to express 0/ig2:GFP. In fact, there is a large population
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of non-apical divisions at 36 and 48 hpf, which do not express either of the markers I
investigated. The identity and daughter cell fates of these cells are currently unknown. It is
possible that I have underestimated the proportion of vsx/-experssing non-apical progenitors in
the hindbrain as it can be challenging to visualise vsx/:GFP in younger cells expressing low
levels of GFP when they are situated adjacent to older, highly expressing cells. It is also
possible that these cells represent a currently unknown molecular subtype of non-apical

progenitors.

Whether thr2 is expressed in the zebrafish spinal cord and hindbrain is a matter of debate. Tbr2
immunoreactivity has been reported in the zebrafish spinal cord (Ohata et al. 2011), however
the antibody used in these experiments was not zebrafish specific and its specificity in these
embryos has not been verified. Furthermore, in our hands we were unable to observe Tbr2
expression in the hindbrain or spinal cord by in situ hybridisation, immunohistochemistry or in

the Tg(¢thr2a:dsRed) reporter line (data not shown).

Our current data provides a very limited view of the identity of non-apical progenitors in the
telencephalon as I only observed a single non-apical mitosis expressing vsx/ and did not
observe any expressing either olig2 or tbr2. Analysis of vsx/ mRNA and vsx/:GFP expression
in the telencephalon indicates that vsx/ mRNA is transiently expressed by cells migrating away
from the apical surface and expression of GFP is not seen until later in this migration.
Therefore, if expression of the fluorophores is not seen until after the cell has undergone mitosis

then vsx1:GFP, or tbr2:dsRed, cells might be daughters of non-apical divisions.

In summary, two molecularly distinct populations of non-apical progenitors were observed in
the spinal cord and hindbrain, contributing different types of neurons during early neurogenesis.
The larger population expresses vsx/:GFP in both the spinal cord and hindbrain. In the spinal
cord the second population expresses olig2:GFP. Our data suggests that these two markers
cover the entire non-apical progenitor population in the spinal cord. However, olig2-expressing
non-apical progenitors are scarce in the hindbrain and there is a large population of unidentified
non-apical progenitors in this region. Similarly, we currently do not have any direct data

regarding the identity of non-apical progenitors in the telencephalon.

3.44 The morphology of non-apical progenitors in the hindbrain and
telencephalon is unknown

The different populations of mammalian basal progenitors are primarily characterised based on

their morphology at mitosis (see Table 1-1 and Table 3-2). Currently we have limited

information on the morphology of non-apical progenitors in the zebrafish neural tube. Knowing
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whether these non-apical progenitors have apical or basal processes and attachments to the
apical or basal surfaces would be particularly usefully when drawing comparisons between non-

apical progenitors in zebrafish and mammals.

Previous work in the Clarke lab suggests that non-apical progenitors in the spinal cord and
hindbrain between 18 and 30 hpf retract their apical attachment shortly before division (P.
Alexandre, and J. Clarke, unpublished). The cell bodies of these non-apical progenitors are
more or less at the basal surface but we do not know if they are in contact with the basal

laminae.

The morphology of the different spatial populations of non-apical progenitors in the hindbrain
at division is currently unknown. Ideally, I would carry out live imaging experiments of
mosaically labelled cells to characterise the morphology of non-apical progenitors in the
different locations in the hindbrain. However, this experiment is currently challenging, as the
number of non-apical divisions is very small at any one time, meaning it is unlikely that we will
specifically label these cells using mosaic labelling techniques. It might be possible to overcome
this issue if we are able to promote neurogenesis, as has been achieved in the chick neural tube
by the electroporation of the proneural gene Neurog2 (Das and Storey, 2014). Ideally, I would
use a method by which we could promote differentiation of specifically the vsx/ progenitors
(see Chapter 6). This might be possible using the Gal4/UAS system and the transcription factor
code that is known to specify the p2 domain but generating the transgenic lines required for this

experiment would be extremely time consuming.

3.4.5 The proliferative capacity of non-apical progenitors in the zebrafish neural
tube is unknown
A key feature of a subset of non-apical progenitors commonly found in the developing
neocortex of mammalian species with large, gyrified cortex, specifically bRG, is the ability to
self renew (see Table 1-1 and Table 3-2). Previous experiments in the Clarke lab have shown that
non-apical progenitors only undergo self-consuming divisions in the spinal cord (P. Alexandre,
unpublished). Supporting this, my data at early stages (24 hpf) shows that all non-apical
progenitors start to express vsx/:GFP shortly before terminal divisions. This data suggest that at
24 hpf non-apical progenitors in the spinal cord undergo a single, terminal division, contributing
mainly to neurogenesis. We have not been able to observe non-apical divisions in live embryos
after 30 hpf, so we do not know if non-apical divisions continue to divide terminally after this
point. However, given the small size of the spinal cord tissue through embryonic development
we might assume that non-apical divisions after 30 hpf are terminal. In contrast, taking into

account (1) the fact that the hindbrain and telencephalon do undergo a certain amount of growth
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and (2) our understanding of mammalian non-apical progenitors, it could be predicted that non-
apical progenitors in the hindbrain and telencephalon might show some self-amplification. In
the hindbrain, approximately 40% of non-apical mitoses do not express HuC/D, which might
indicate that these cells are not undergoing neurogenic divisions. This would be an interesting

route of investigation to follow.

3.4.6 Do precursors of V2 cells in other systems divide non-apically?

The data I have presented in this thesis identified vsx/-expressing progenitors as the major
population of non-apical progenitors in the zebrafish neural tube. In this system vsx/
progenitors undergo a single terminating division to generate V2a/V2b interneuron pairs
(Kimura et al. 2008). Similarly, in the mouse and chicken spinal cord, approximately equal
numbers of V2a/V2b are derived from a common progenitor pool composed of genetically
identical cells (Li et al. 2005; Del Barrio et al. 2007; Peng et al. 2007; Lundfald et al. 2007; Al-
Mosawie et al. 2007; Kang et al. 2013). Furthermore, in all three model systems Notch
signalling has been shown to play a role in the V2a/V2b fate choice (Batista et al. 2008; Kimura
et al. 2008; Kang et al. 2013).

However, it is currently unknown if non-apical progenitors contribute to the development of V2
interneurons in the mouse or chicken spinal cord. In mice, the population of V2 neurons before
they have taken on a V2a or V2b fate are referred to as ‘early neurons’ (Batista et al. 2008) and
it is currently thought that the interaction between specified, post-mitotic cells leads to them
taking on different fates. Due to other characteristics murine and avian V2 cells share with those
in the zebrafish, it is possible that the V2a/V2b diversity in amniote embryos diversity is
generated by a pair-producing intermediate progenitor, as in zebrafish (Kimura et al. 2008).
Currently there is no published data on the presence of non-apical divisions in the spinal cord of
either mice or chicken embryos, but it is an exciting prospect that non-apical progenitors might

be present in the spinal cord of other species.

3.47 Summary of non-apical progenitors in the zebrafish neural tube

The data presented in this chapter shows that the zebrafish neural tube contains a small
population of non-apical progenitors during embryonic neurogenesis and that the spatial and
molecular characteristics of non-apical progenitors vary between brain regions. This is the first
thorough characterisation of non-apical divisions embryonic development of a teleost species,
and the first to fully characterise non-apical progenitors in the developing spinal cord of any

vertebrate.
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Table 3-2: Comparison of the progenitors in the zebrafish neural tube and mammalian neocortex. Adapted from Table 1-1 and Florio & Huttner 2014 and modified to include
data gathered in this chapter. Question marks show aspects of the cell biology that we do not have data on. VMB = ventromedial basal. SA = subapical. DLB = dorsolateral basal.
NE: neuroepithelial cell; aRG: apical radial glial cell; alP: apical intermediate progenitor; bIP: basal intermediate progenitor (N: neurogenic; P: proliferative); bRG: basal radial glia;

P: directed process (see Betizeau et al. 2013).

Apical progenitors Basal progenitors Non-apical progenitors
Mammals Zebrafish Mammals Zebrafish
Basal radial glial cell Spinal Hindbrain Telen-
NEC | aRG | alP NEC bIP
Basal-P | Apical-P | Both-P | cord VMB SA DLB cephalon
Location of Apical Basal Basal ) Basal )
Apical surface SVZ/iSVZ oSVZ Subapical Subapical
mitosis surface surface surface surface
Apical domain at
Yes Yes No No No ? ? ? ?

mitosis
Basal lamina

Yes No Yes No Yes/No No Yes/No ? ? ? ? ?
contact at mitosis

Basal +

Process retention Apically

Basal No Basal No Basal apically No ? ? ? ?
at mitosis directed )

directed

Tbr2 expression No No Yes Some Tbr2 No No No No No
Proliferative NbIP | PbIP

Yes No Yes Yes No ? ? ? ?
potential No Yes
HuC/D expression Rare Yes Yes Some Some Some
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CHAPTER 4
SPATIOTEMPORAL DEVELOPMENT OF VSX1I
PROGENITORS
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4 Spatiotemporal development of vsx/ progenitors

4.1 Introduction

The majority of the understanding of vertebrate neurogenesis comes from studies of fixed
tissues or slice cultures. As live imaging in large, opaque tissues is technically challenging, the
dynamics of neuronal differentiation in the neural tube have not yet been extensively studied.
This is particularly true for questions regarding spatiotemporal patterning along the
anteroposterior axis of the vertebrate spinal cord. Zebrafish embryos are an ideal model to
address this question due to the ease of live imaging and the ability to label subpopulations of

neurons.

In Chapter 3 I showed that non-apical progenitors predominantly express vsx/ in early stages of
neurogenesis in the zebrafish neural tube. Time-lapse imaging of the spinal cord of
Tg(vsx1:GFP) embryos shows progenitors beginning to express vsx/:GFP from 18 hpf and that
they divide in a spaced or periodic pattern along the anteroposterior axis (Figure 3-5).
Following the formation of this initial pattern, subsequent vsx/:GFP-expressing progenitors
appear to fill in the space between existing vsx/ cells (Figure 3-5 and Supplementary Movie
3-2). Similar patterns of initial periodicity and subsequent space filling is seen in the expression
of multiple neuronal subtype markers in zebrafish (including, vsx/, englb, islet2, Figure 4-1A;
Thisse & Thisse 2004; Thisse et al. 2001; Hutchinson & Eisen 2006) as well as GABAergic
neurons in the Xenopus hindbrain and spinal cord (Figure 4-1B; Roberts et al. 1988; Roberts et
al. 1987; Dale et al. 1987). This data suggests that this spatiotemporal pattern of differentiation
might be a common feature of vertebrate spinal neurogenesis. However, the spatiotemporal
dynamics of the differentiation of vsx/, or any other neuronal subtype, have not yet been

studied.

In this chapter I am to characterise the spatiotemporal pattern of vsx/:GFP differentiation and to

begin to probe the mechanisms underlying this patterning event.

4.1.1 Mechanisms of patterning neurogenesis

A large number of mechanisms are known to contribute to the control of neurogenesis in time
and space, including intrinsic and extrinsic cues (see section 1.3). A variety of mechanisms to
pattern neurogenesis through a tissue have been described in the neural tube and neuronal
patterning along the anteroposterior axis is often related to overt patterning of the tissue. A good
example of this is the zebrafish hindbrain, where the tissue is divided into repeated segments

(thombomeres) that are separated by specialised boundary cells. In this tissue multiple
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interactions between boundary and non-boundary cells patterns neurogenesis within each
rhombomere (Cheng et al. 2004; Amoyel et al. 2005; Gonzalez-Quevedo et al. 2010; Terriente
et al. 2012; described in detail in section 1.3.2).

In contrast, the spinal cord is not overtly segmented into repeated structural or molecular
subsections and does not contain any cells that are analogous to the boundary cells seen in the
hindbrain. Furthermore the pattern of neurons in Xenopus and zebrafish spinal cords are more
fine grained than that seen in the hindbrain (Dale et al. 1987; Roberts et al. 1987; Roberts et al.
1988; Eisen & Pike 1991; Lewis & Eisen 2004; England et al. 2011). These patterns appear to
be composed of single neuronal cells separated by distances of more than one cell diameter.
This suggests that alternative mechanisms act to pattern neurons and neurogenesis in the spinal
cord. Two potential mechanisms that might generate this pattern are mesoderm-derived signals

and long distance lateral inhibition.

4.1.2 Mesoderm-derived signals pattern primary motor neurons

The embryonic zebrafish spinal cord does not show molecular or structural segmentation,
however the adjacent mesoderm is segmented into repeated structures known as somites. One
group of neurons that are periodically spaced along the anteroposterior axis of the neural tube
are primary motor neurons and the location of these cells correlates with the neighbouring
somite (Lewis & Eisen 2004; Eisen & Pike 1991). A number of studies have demonstrated that
mesoderm-derived signals act to pattern primary motor neurons in the spinal cord. Defects in
paraxial mesoderm formation have been shown to result in irregular spacing and clustering of
primary motor neurons (Lewis & Eisen 2004; Eisen & Pike 1991). Furthermore, shortening of
somites along the anteroposterior, as occurs in convergent extension mutant zebrafish, causes a
concurrent change to the spacing of primary motor neurons (Lewis & Eisen 2004). Specifically
for CaP motor neurons, correct positioning of these cells in the middle of the overlying somite
is depending on Sema3ab expression by the posterior half of each somite. Sema3ab acts to
chemorepel CaP neurons through the Neurophilinla receptor and thereby refine the position of
this class of primary motor neurons prior to axon outgrowth (Bernhardt et al. 1998; Sato-Maeda
et al. 2006; Sato-Maeda et al. 2008). Interference with Sema3ab/Neuropilinla signalling

pathway results in irregular spacing of CaP neurons (Sato-Maeda et al. 2008).

Therefore, some subtypes of neurons are patterned by the segmented paraxial mesoderm (i.e.
somites; Eisen & Pike 1991; Lewis & Eisen 2004; Sato-Maeda et al. 2008) however, it is
currently unknown whether this mechanism affects patterning and periodicity in other neuronal

subtypes.
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4.1.3 Long-range Delta Notch lateral inhibition

Delta Notch lateral inhibition, whereby a Delta-expressing cell activates the Notch signalling
pathway in its neighbours and inhibits them from differentiating (discussed in detail in section
1.3.1), is an obvious signalling mechanism that might generate a fine grain pattern of
differentiation, like that seen in vsx/ progenitors. However, in conventional lateral inhibition
Delta Notch signalling requires cell-to-cell contact and therefore only occurs between
immediately adjacent cells, generating a pattern whereby neurons are only separated by a small
number (usually one) of non-neural cells. However, in vsx/ progenitor cells (this thesis and
Kimura et al. 2008), and other neuronal populations in zebrafish (Thisse & Thisse 2004; Thisse
et al. 2001; Hutchinson & Eisen 2006; England et al. 2011; Figure 4-1A) and Xenopus (Roberts
et al. 1988; Roberts et al. 1987; Dale et al. 1987; Figure 4-1B), cells are seen spaced by much
greater distance (between 5-10 cells). Therefore this pattern cannot be explained by

conventional Delta Notch signalling.

A long-range mechanism for Delta Notch signalling has been described in Drosophila. Sensory
organ precursors (SOPs) in the epithelium of the pupal Drosophila thorax (notum) are also
known to develop separated by 3-5 cell diameters (Figure 4-1Ci; Renaud & Simpson 2001; De
Joussineau et al. 2003; Cohen et al. 2010). The notum is initially a tissue composed of cells that
are equally competent to differentiate as SOPs. The number of cells that upregulate proneural
genes early in the development of the pattern is greater than the number of SOP cells that
eventually make up the pattern (Figure 4-1Cii; Cohen et al. 2010). Nascent SOP cells have
been shown to extend ‘webs’ of filopodia into the surrounding tissue to deliver Delta ligand
over long distances (Figure 4-1Cii’; Renaud & Simpson 2001; De Joussineau et al. 2003;
Cohen et al. 2010). This long distance activation of Notch signalling inhibits cells within a 5
cell diameter range from also differentiating as SOPs (De Joussineau et al. 2003; Cohen et al.
2010). It has been shown that interfering with the formation or elongation of filopodia or Notch
signalling from SOPs results in the loss of the normal spacing and patterning of SOPs within the
notum ectoderm (Figure 4-1Ciii and iv; De Joussineau et al. 2003; Cohen et al. 2010).
Therefore, in the Drosophila notum, differentiating cells use basal filopodia to refine a self-
organised pattern of neuronal cells via the Delta Notch signalling pathway (De Joussineau et al.
2003; Cohen et al. 2010). In summary, this long distance Delta Notch lateral inhibition driven
by dynamic cellular extensions provides a mechanism by which sparse induction of
differentiation can be generated. It is currently unknown whether a similar mechanism exists in

vertebrate neurogenesis.
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4.1.3.1 Differentiating neurons and non-apical progenitors in the zebrafish

hindbrain and spinal cord undergo a stereotyped, dynamic morphological

transition
In order to visualise the behaviour and morphology of single cells in the zebrafish neural tube
the Clarke and Alexandre labs inject membrane (CAAX-fluorophore) into a single cell of a 64-
128 cell embryo, which mosaically labels individual cells in an otherwise unlabelled embryo
(Alexandre et al. 2010). Using this technique, we have observed that differentiating neurons
undergo a characteristic morphological transition (n = 25/25 neurons; P. Alexandre and J.
Clarke, unpublished). The cell first translocates its soma to the basal surface while maintaining
contact with the apical surface via an apically directed process. The cell then extends two long
membrane extensions, containing microtubules, along the basal surface, one anteriorly and the
other posteriorly (Figure 4-2A). I will refer to these structures as basal arms so as not to confuse
them with the basal processes, which is a radial projection that contacts the basal lamina of the
neural tube. The basal arms are not randomly directed. Instead, they appear to be largely
restricted to elongating along the same dorsoventral domain as the neuron cell body. At this
stage, the newborn neurons have a characteristic shape that we refer to as a T-shaped
morphology. The T-shaped cell then retracts its basal arms and apical process before
axonogenesis begins. The morphological changes that occur from neuroepithelial cell to neuron,
including the transition through a T-shaped morphology, are dynamic and I will refer to them as
the T-shaped morphological transition. During early stages of neural tube development, this
transient T-shape morphology is a reliable predictor of neuronal differentiation in the hindbrain
and spinal cord of the zebrafish, however this behaviour is absent from differentiating neurons

in the telencephalon (P. Alexandre and J. Clarke, unpublished).

We have also observed that non-apical progenitors undergo the T-shaped morphological
transition prior to division (n = 7/7 non-apical progenitors). In these cells the T-shape
morphological transition is almost identical: the cells soma is moved to the basal surface, while
an apical attachment is maintained, and the cell then extends two basal arms. Non-apical
progenitors then retract their apical process and basal arms and the cell undergoes mitosis
following which both daughter cells begin axonogenesis and take on an interneuron fate (Figure
4-2B). As wvsxl is expressed in all non-apical progenitors in the spinal cord early in
neurogenesis, we know that vsx/:GFP non-apical progenitors also go through this process.
However, expression of GFP is not seen until shortly before cell division, after the cell has fully
retracted its processes and, therefore, unfortunately the Tg(vsx/:GFP) line cannot be used to

visualise the T-shaped morphological transition.
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The function of the transient basal arms is currently unknown. However, in some respects they
resemble the filopodia-based extensions seen in nascent SOP cells in the Drosophila notum (see
section 4.1.3). SOP cells are patterned or spread throughout the Drosophila notum, and during
the formation of this pattern, the cells extend transient membrane extensions into the
surrounding tissue. Therefore, we hypothesise the basal arms may a deliver long-distance
inhibitory signal to organise the spacing of neuronal differentiation in the zebrafish neural tube,
similar to patterning in the Drosophila notum. To further support this hypothesis we have
observed T-shaped cells expressing a deltaD:GFP reporter as well as showing immunoreactivity
for a deltaD antibody (Figure 4-2Ci and Cii, respectively, P. Alexandre, unpublished), which
suggests that Delta Notch signalling, as in Drosophila, might mediate the long distance
inhibitory signal. If this were indeed their function, we would expect pattern formation to occur
in the following way: newly specified neurons translocate their nucleus to the basal side of the
neuroepithelium and begin to extend basal arms (Figure 4-3A). These T-shaped cells are found
repeated down the anteroposterior axis of the tissue. The basal arms of T-shaped cells provide
an inhibitory signal to surrounding cells predominantly at the same dorsoventral level as the
neurons cell body, preventing them from differentiating in the same time and place as the
differentiating T-shaped cells (Figure 4-3B). As the T-shaped cells retract their basal arms, cells
in the intervening space are released from inhibition allowing new cells to differentiate (Figure
4-3C). The new cells then begin to extend basal arms, re-establishing the inhibitory signal,
stopping all but a single cell from differentiating in between each initial pair (Figure 4-3C).
This process can occur iteratively throughout neurogenesis. Further experiments are required to

test whether such a mechanism acts during the patterning of vsx/:GFP progenitors.

4.2  Aim of chapter

The regulation of neuronal differentiation in space and time is only partially understood.
Preliminary observations suggest that vsx/:GFP progenitors are specified in a sparse pattern
along the anteroposterior axis. In this chapter I am to quantitatively characterise the
spatiotemporal dynamics of vsx/:GFP progenitor differentiation in time and space to better

understand the development of this pattern.

Mesoderm-derived signals are known to pattern motor neurons in the zebrafish spinal cord and,
in Drosophila, membrane extensions that deliver Delta-mediated inhibition have been shown to
play a key role in spacing neuronal cells throughout the tissue. I aim to test whether similar
mechanisms are involved in the spatiotemporal patterning of non-motor neuron subtypes in the

zebrafish spinal cord.
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Figure 4-1: Patterning of neurons in Drosophila and vertebrates. A) Neurons are periodically spaced
along the anteroposterior axis of the zebrafish spinal cord. Lateral views of the spinal cord of zebrafish
embryos showing expression (by in situ hybridisation) of i) vsx/ (taken from Kimura et al. 2008), ii)
islet2 (taken from Hutchinson & Eisen 2006) and iii) enl (taken from Gribble et al. 2007). Neurons
expressing the different markers appear separated by a number of cell bodies. B) Lateral view of the
Xenopus hindbrain and spinal cord showing the distribution of somata with GABA-like immunoreactivity
(black, filled in cells; taken from Roberts et al. 1987). At stage (St) 28, individual neurons appear
separated by large distances and by ST 29/30 these spaces have been filled by newborn neurons. C)
Adapted from the specified figures in Cohen et al. 2010. Neuronal cells express Neu-GFP (Neuralized-
GAL4, UAS Moesin-GFP; grey scale, the darker the colour the higher the expression level) and the
outlines of the cells in the tissue are labelled with E-Cadherin-GFP. i) The final pattern of SOP cells is
ordered and shows regular spacing between individual precursor cells (adapted from Figure 1 in Cohen et
al. 2010). ii) In early stages of pattern formation an excess number of cells expressing Neu-GFP appear in
the notum, generating an overcrowded and poorly organised arrangement of precursor cells (Figure 4 in
Cohen et al. 2010). ii”) The nascent SOP cells in this tissue extend membrane protrusions into the
surrounding tissue (Figure 7 in Cohen et al. 2010). iii) Expression of dominant negative Rac or a mutant
form of scar (regulators of filopodia formation in the notum) in Neu-expressing cells results in a
disordered final pattern of SOP cells (Figure 7 in Cohen et al. 2010). iv) Inhibiting Notch signalling while
the pattern is being refined results in rows of Neu-GFP-expressing SOPs (adapted from Figure 2 in Cohen
et al. 2010).

117



Figure 4-1
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Figure 4-2: Differentiating neurons and non-apical progenitors in the embryonic zebrafish spinal
cord undergo a characteristic T-shape morphological transition prior to axonogenesis or division,
respectively. The differentiation of neurons (A) and non-apical progenitors (B) starts with the cell soma
translocating to the basal surface. Initially these cells maintain an apical attachment (arrow head) and
extend basal arms (arrow) along the basal surface (dotted line), giving these cells a T-shaped morphology.
After the basal arms and apical process are retracted, the cell rounds up. Neurons then begin axonogenesis
(double headed arrow) and non-apical progenitors undergo division (asterisks) and both of its daughter
cells can be seen extending axons (double headed arrows). C) T-shaped cells labelled by membrane RFP
(i) or GFP (ii) express deltaD, shown by Tg(deltaD:GFP) (i) expression and staining of endogenous

deltaD by immunohistochemistry (ii). P. Alexandre collected the data shown in this figure (unpublished).
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Figure 4-2
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Figure 4-3: Model of T-shaped cell provided Delta Notch-mediated lateral inhibition. A)
Differentiating neurons (brown cells) extend basal arms along the basal surface of the neural tube, while
maintaining contact with the apical surface, taking on a T-shaped morphology. B) These membrane
extensions allow cells to deliver inhibitory signals to cells at a distance from the differentiating cell’s
soma inhibiting neighbouring cells from differentiating. C) As the T-shaped cell retracts its basal arms
and detaches from the apical surface, cells in the intervening space are released from inhibition and new
cells (yellow) are permitted to begin to differentiate, starting by extending basal arms. D) The older
progenitor then rounds up and (E) divides while the new T-shaped cell continues the basal arms
behaviour, itself now inhibiting other cells in the neural tube (E). A solid line shows the basal surface and
the apical surface is shown by dashed line. Green arrows show the direction of arm growth. The blue

arrows denote the direction of the inhibitory signal (i.e. from the basal arms to the neighbouring cells).
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Figure 4-3




4.3 Materials Methods

4.3.1 Transgenic and mutant zebrafish lines

The transgenic and mutant zebrafish lines used in this chapter are listed in General Materials

and Methods.

4.3.2 Morpholinos

Table 4-1: Anti-sense oligo morpholinos. The following morpholino were injected at the one cell stage.

Gene Referred
Sequence Source Amount injected Reference
Target to as
Pkl 5'GCCCACCGTGATT (Carreira-Barbosa
Prickle Gene Tools 0.4 pM
morpholino | CTCCAGCTCCAT 3’ et al. 2003)
Standard Control 5’CCTCTTACCTCAG Equivalent Control
Gene Tools '
control morpholino | TTACAATTTATA 3’ concentrations morpholino

4.3.3 In situ probes

Vsx1, gift from Chen Lou Lab, Zheijiang University, People’s Republic of China (He et al.
2014).

4.3.4 Live imaging
The spinal cord was imaged dorsally, at approximately 9-14 somites, from approximately 18
hpf. Imaging was optimised so that a z-stack was taken at a 5 min interval and that z-step sizes

were no larger than 2 pm.

4.3.5 Quantification of spacing in fixed embryos
The length of the somites along the anteroposterior axis was measured in single Z-planes, where
the somites meet the neural tube. The distance between vsx/ expressing neurons was also

measured in single planes, from the centre of the neurons.

4.3.6 Quantification of time-lapse movies
Each movie was processed for drift correction in IMARIS®. V2a and V2b interneurons have
descending axons (Batista et al. 2008), so the AP orientation of an embryo in a time-lapse

movie can be identified by the direction of axon growth.

4.3.7 Analysis of spacing pattern development
To pick a defined point in the cellular history of non-apical progenitors we choose the time of

its mitosis, as this is a clearly defined and short lasting cell state. We chose to use this behaviour
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as the point to measure, as the length of time GFP expression was visible prior to division was
variable. The distance between progenitor daughter pairs was measured from the centre of each

pair using IMARIS® software.

4.3.7.1 Construction of pattern diagrams

We plotted the time and location of each observed differentiative division in pattern diagrams,
where pairs of green circles represent a division. After division the neurons’ cell bodies did not
move on the anteroposterior axis, therefore straight lines were drawn through time to show their

location in space through time.

4.3.7.1.1 Initial cells
Initial cells are defined as the first vsx/ expressing progenitors to undergo division in the spinal
cord and their daughter cells (in pairs). In the region analysed here this usually occurred before

20 hpf.

4.3.7.1.2 First iteration cells
The first vsx/ division that occurred after the initial cells are referred to as first iteration
progenitor divisions. However, if two first iteration progenitors divided within 1.5 hours of each

other in between two initial cells, then these were counted as pairs of first iteration divisions.
The position of first iteration progenitors divisions relative to the closest two initial cells was

measured and normalised so that the location of anterior initial cell = 0 and the location of the

posterior initial cell = 1 and the midway point between the initial cell = 0.5.

124



4.4 Results

Vsx1:GFP cells are the only population of non-apical progenitors present in the zebrafish spinal
cord during early neurogenesis (up to 36 hpf, see Chapter 3). Preliminary observations suggest
that these progenitors differentiate in a periodic pattern in time and space. In this chapter I

quantify the spatiotemporal dynamics of this population of non-apical neuronal progenitors.

4.4.1 Quantitative characterisation of the spatiotemporal pattern of vsx/:GFP
differentiation
VsxI expression between somites 9 and 14 in the spinal cord can be observed from 17 hpf
(Kimura et al. 2008). At this stage cells expressing vsx/ mRNA (Figure 4-4A) or vsx/:GFP
(Figure 4-4B) can be observed as isolated pairs of cells located on the basal surface of the
neural tube. Time-lapse imaging of the spinal cord of Tg(vsx/:GFP) embryos shows that GFP
expression is first observed in the non-apical progenitors just before they divide to produce pairs
of GFP expressing neurons (Figure 4-4C and Kimura et al. 2008). These cells are
approximately equally spaced along the anteroposterior axis and often, but not always, appear to

be symmetrical across the midline (Figure 4-4A and B).

To understand the dynamics of vsx/ progenitor appearance and division patterns I quantified
vsx1:GFP progenitor differentiation events in time and space using time-lapse microscopy. It
would be inaccurate to use the onset of GFP expression to define the time of vsx/ progenitor
differentiation, as it is difficult to objectively state the time point in which GFP expression is
first observed. Furthermore, the time lag between GFP expression and division is variable
making it a difficult metric to accurately compare between different vsx/ expressing
progenitors. However, the divisions of vsx/:GFP progenitors are easy to visualize and
accurately record a precise time. Therefore, we chose to record the moment of division of

vsx1:GFP progenitors as the read out of a differentiation event.

By recording the time of every division observed in 12 embryos and measuring the distance
between these cells I was able to assemble pattern diagrams representing vsx/:GFP progenitor
divisions in time and space (Figure 4-5). In the pattern diagrams each progenitor division is
represented by a pair of green circles, the location of the dividing progenitor along the
anteroposterior axis is shown on the x-axis (anterior to the left) and the y-axis represents the
time of division. From the time-lapse movies of these embryos it is clear that newborn pairs of
vsx1:GFP daughter cells undergo minimal movement after division so the lines on the diagram
represent the position held by these cells through time. In these pattern diagrams you can see
that differentiative divisions are spread out in space and time, as instances of two progenitors

dividing close together in space and time are rare (Figure 4-5).
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Early born vsx/ cells establish a regularly spaced pattern of ‘initial’ vsx/:GFP cells by
approximately 20 hpf (distance between initial cells, mean + SEM, 46.28 um + 1.52, Figure
4-4A and B). The pattern diagrams suggest that initial progenitors mostly divide in a
rostrocaudal gradient, with a cell dividing on average 12 mins (= 5.45 min SEM) after the cell
most rostral to it. As development continues, the next set of progenitors can be observed
dividing in the intervening spaces (Figure 4-4D). There is a time delay between the division of
the initial and that of subsequent progenitors, which gives the impression of repeated ‘waves’ or
rounds of vsx/:GFP progenitor divisions (Figure 4-4D and Figure 4-5). From the pattern
diagrams it is fairly intuitive to identify initial cells and the first space filling divisions, however
it is much harder to identify progenitors that would belong to the next ‘waves’ (Figure 4-5). To
more accurately describe this repeating pattern I will refer to it as iterative. Therefore, the cells
that divide after the initial cells are the first iteration and subsequent rounds of differentiation
are referred to as second iteration, third iteration etc. Using this classification we can calculate
the average time difference between iterations of progenitor divisions (mean + SEM, initial to
first iteration: 2 hr 39 mins = 1 hr and first to second iteration: 3 hr 17 mins + 1 hr 24 mins). The
observed lengthening of time between iterations is statistically significant (two-tailed t test: t =

2.351,d.£.=99,P=0.027).
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Figure 4-4: vsx!I is expressed in non-apically dividing progenitors that divide spread out in space
and time. A and B) Dorsal 3D renders of the spinal cord show that cells expressing vsx/ mRNA (A) and
vsx1:GFP (B) are located on the basal surface of the neural tube. Structure of the tissue is shown by
nuclear counterstain (Sytox, blue, A) or brightfield image (B). C) Maximum projection of a lateral view
of a Tg(vsxI:GFP) embryo. VsxI:GFP expression is first seen in single cells (full arrowhead), which
round up before undergoing division (asterisks). Following division, axonogenesis can be followed in
both daughter cells (double headed arrows). D) Vsx1:GFP progenitors divide spread through space and
over time. The left panel shows vsx/:GFP cells initiating expression of GFP and dividing. The sequential
addition of vsx/:GFP expressing cells occurs over time. In the right hand panel, cells have been colour
coded to highlight when they divide. New progenitors appear to fill in the gaps of existing cells. Blue dots
denote the initial cells, purple dots show first iteration cells and orange show second iteration cells.

Dashed line shows basal surface shown. Scale bar = 25 um.
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Figure 4-4
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Figure 4-5: Pattern diagrams of vsxI:GFP progenitor differentiation in space. The location of
vsx1:GFP progenitor divisions in time (y-axis) and space (x-axis) is represented in these pattern
diagrams by pairs of green circles. The lines from the division, going through time, represent
the position held by the daughter cells after division. Each pair of diagrams show data from a
single embryo, with each diagram showing all of the divisions observed in one half of the neural
tube. Divisions shown on the line representing the x (distance) axis occurred before the
recording/time-lapse began. Anterior to the left. The pattern of differentiation observed on each

side of the neural tube is shown for all embryos analysed.
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4.4.2 vsxI:GFP differentiation occurs with a long distance pattern in through
time and space

As vsx1:GFP cell are the only non-apical progenitors in the spinal cord at this stage we know

that these cells have gone through the T-shaped morphological transition prior to division. If

the basal arms of T-shaped cells are delivering long-range inhibitory signals to the

intervening cells, as described in our hypothesis (section 4.1.3.1 and Figure 4-3), we would

expect to see the following in the pattern of differentiation:

* New vsx/ progenitors are generated in the middle of the space between existing cells.

* Two vsx/ progenitors are unlikely to divide close together in time and space.

We can use the dataset generated from the quantitative characterisation of vsx/:GFP

described above to test these predictions.

4.4.2.1 VsxI progenitors tend to divide in the middle of the space between
existing vsx1:GFP pairs
Our hypothesis that T-shaped cells might deliver transient long-range inhibitory signals to the
intervening cells predicts that new vsx/ progenitors are likely to divide and differentiate in
the middle of the space between existing vsx/ cells. From time-lapse movies it is clear that
the exact location of first iteration divisions relative to existing cells is variable. We observed
first iteration vsx/:GFP-expressing progenitors dividing exactly in the middle of the space
between initial vsx/:GFP cells (Figure 4-6A), some very near one of the existing pairs of vsx/
cells (Figure 4-6B) and some off centre (Figure 4-6C). To quantify this I measured the
distance between an anterior initial cells and the first iteration progenitor and normalized this
to the distance between the anterior and posterior initial cells (Figure 4-6D). This analysis
shows that divisions occur with a normal distribution along the space between existing
vsx1:GFP cells and that most new vsx/ progenitors tends to divide in the middle of the space
between existing vsx/ cells (Figure 4-6D; D’Agostino & Pearson, Hy — values are samples

from a normal distribution: K2 =4.010, P = 0.1347).

These data suggest that a mechanism exists to bias the first iteration vsx/:GFP progenitors to
divide and differentiate as far away as possible from initial vsx/ progenitors. This adds
precision to our observation of the space filling behaviour of new progenitors and supports

our hypothesis that long-range signalling is driving this pattern formation.
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Figure 4-6: New vsxI:GFP progenitors tend to differentiate in the middle of existing vsx1:GFP cells.
A-C) Examples of the location of first iteration cells (red dot) relative to existing vsx/:GFP cells (blue
dot). New progenitors that appear in the middle of existing cells (A), close to one of the initial cells (B) or
off centre between initial cells (C) Scale bar = 20 um. Dashed line shows the basal surface. D) Histogram
showing the percentage of first iteration vsx/:GFP divisions that occur at different points along the axis
between initial cells. The highest frequencies are found in the region in the middle of existing cells. 0 =

anterior initial cell, 1 = posterior initial cell.
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Figure 4-6
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4.4.2.2 VsxI progenitors are unlikely to divide close together in time and space

In order to understand the spatial and temporal aspects of vsx/:GFP differentiation I calculated
the pair-wise difference in time (AT) and the distance (AD) between each observed vsx/
progenitor division. Cells that underwent division before the start of imaging were excluded

from this analysis.

Taking all the pairwise date together, progenitors most frequently divide 60 — 80 pm apart (seen
as a peak in the distribution, asterisks in Error! Reference source not found.A) and the average
pairwise distance between progenitors at division is 110 pm (+ 78.01 S.E.; n = 1967 pairs). To
see if the time between division events affects the spacing of progeneitors I separated those
progenitors that divide close together in time (AT < 1 hr 30 mins; Figure 4-7B) from those with
a long time lag between their divisions (AT > 1 hr 30 mins; Figure 4-7C). For pairs of
progenitors with a small AT, the divisions with a AD of 40 — 60 um become more frequent, with
a loss of divisions with a AD of < 40 pm (red and blue asterisks, respectively, in Figure
4-TError! Reference source not found.B). The mean pairwise distance for cells with a AT <1 hr
30 mins is 121.26 pm (+ 75.4 S.E.; n = 638 pairs), which is significantly different to the mean
pairwise distance for all pairs (compare Figure 4-7A and Figure 4-7B; T-test, p < 0.005). On
the other hand, when considering only progenitor pairs with a large AT (> 1 hr 30 mins), there is
an increase in the frequency of divisions occurring between 0 and 40 pm of each other and a
decreased frequency of progenitors with a AD of 40 — 60 um (red and blue asterisks,
respectively, in Figure 4-7C). This is seen as a significant decrease in the mean pairwise
distance for cells with a large AT (mean £ S.E. = 104.72 pum £ 79.2; ; T-test, p < 0.025; Error!

Reference source not found.C).

In summary, this analysis shows that vsx/ progenitors that divide close together in time (< 1 hr
30 mins) are unlikely to be close in space (> 40 um), but if there is a large difference in the time

of the division of these progenitors, then they are more likely to be close together in space.

4.4.2.3 Summary

The quantitative analysis of vsx/:GFP progenitor differentiation described above suggests that a
long distance mechanism exists to ensure that two division events occur spread out in time and
space. We hypothesise that this mechanism involves the extension of basal arms we have
observed on nascent neurons and non-apical progenitors. Further experiments are required to

directly test this hypothesis.
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Figure 4-7: vsx1:GFP progenitors are unlikely to divide close together in time and space. (A — C)
Histograms showing the frequency of pairwise vsx/:GFP progenitor division events binned by the
distance between them at division (AD). A) Graph showing the frequency of all progenitor divisions in
each AD bin. The asterisk shows the peak frequency of AD. B) Graph showing the frequency of all
progenitor divisions in each AD bin when only considering progenitors where AT < 1.5 hrs. The
frequency of divisions close together (AD > 50 um) decreases (blue asterisk) and the frequency of of
divisions with a AD of 40 — 60 um increases (red asterisk. C) When only considering progenitors where
AT > 1.5 hrs, the frequency of divisions close together (AD > 50 um) increases (blue asterisk) and the

frequency of of divisions with a AD of 40 — 60 um decreases (red asterisk). N = 12 embryos.
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Figure 4-7
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4.4.3 [Initial vsxI1:GFP progenitor spacing is independent of mesoderm signals

The sparse pattern of initial cells I have observed in vsx/:GFP cells resembles the periodic
pattern of primary motor neurons in the spinal cord (Hutchinson & Eisen 2006; Gribble et al.
2007; Kimura et al. 2008). Mesoderm-derived signals have previously been shown to play an
important role in the patterning of primary motor neurons along the anteroposterior axis (Eisen
& Pike 1991; Lewis & Eisen 2004; Sato-Maeda et al. 2008). To investigate whether or not
mesoderm-derived signals are involved in patterning vsx/ cells I looked at the spacing of
vsxI:GFP progenitors in embryos with altered somite patterning, specifically prickle (Pkl)
morpholino-injected embryos and fused somite mutant (fss-/-) embryos. If a patterning signal
from the paraxial mesoderm is responsible for patterning vsx/ progenitors we would expect
that: (1) vsx/ neurons would align with the somite, (2) there would be a correlation between the
size of the somites and the spacing of vsx/ progenitors and (3) alterations to the somites would
results in a corresponding change to the spacing of vsx/:GFP progenitors. All of these are seen

in the pattern of primary motor neurons (Lewis & Eisen 2004).

To test for a relationship between somite development and vsx/ patterning, Tg(vsx/:GFP)
embryos were injected at the 1 cell stage with a morpholino targeted against aPKC and
vsx1:GFP differentiation was imaged live in Pk1-depleted embryos. Reducing the level of Pkl
protein by anti-sense oligo-morpholino injection generates embryos with a shortened body axis
and significantly compacted somites (Carreira-Barbosa et al. 2003, and Figure 4-8E). Instead of
forming square somites, embryos injected with the Pkl morpholino have long, thin somites,
shortened along the anteroposterior axis and elongated on the mediolateral axis (compare bright
field images in Figure 4-8A and B). Pkl morpholino-injected embryos contained the same
number of initial vsx/:GFP cells as seen in control embryos (Figure 4-8C; two tailed t test, P =

0.02195, d.f. = 35), showing that neurogenesis is unaffected by loss of Pk1.

I then looked at the location of initial vsx/:GFP progenitors in relation to the nearest somite. |
found that vsx/:GFP were distributed randomly along the anteroposterior axis of the adjacent
somite (Figure 4-8D; y* (9, n = 49) = 2.45, p > 0.1). Furthermore, the spacing between vsx/
cells and the length of the somites in Pk/ morpholino-injected embryos was significantly
different, suggesting there is no correlation between neuronal spacing and mesoderm
segmentation (Figure 4-8E). I also found the distance between initial vsx/:GFP cells was not
significantly different in Pk/ morpholino-injected embryos compared to controls (Figure 4-8E).
To support this, I calculated the ratio between the observed distance between initial vsx/
progenitor cells and the average somite length in wild type embryos. In this analysis, the

individual ratios of initial distance to somite length are variable and the average ratio was 0.82
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(+ 0.33 SD; Figure 4-8F). This indicates that neuronal spacing in the spinal cord does not
directly correlate with somite size. These data suggest that establishing the spacing of vsx/:GFP

progenitors is independent of Prickle signalling and mesodermal patterning.

To further test a potential link between mesoderm and neuronal patterning I looked at the

spacing of vsx/:GFP progenitors in fised somites mutant fish (fss"'*

, referred to as fss-/-; van
Eeden et al. 1996). Embryos homozygous for this mutant fail to form boundaries between all of
their somites, resulting in a continuous paraxial mesoderm (van Eeden et al. 1996), while their
siblings appear wild type (compare Figure 4-9A and C). The organisation of the tissue within
the spinal cord appear normal in both fss-/- and sibling embryos, with a clear delineation
between the notochord and neural tube (arrows Figure 4-9B and D). I carried in an in situ
hybridisation against vsx/ in these embryos to look at the spacing of vsx/:GFP progenitors

(Figure 4-9E and F) and found that there was no difference in the average distance between

vsx1:GFP progenitors in fss-/- and sibling embryos (Figure 4-9G).

Taking together these data strongly suggest that mesoderm-derived signals are not involved in

patterning vsx/:GFP progenitors.
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Figure 4-8: Prickle morpholino-injected embryos show shorted somite length but unaffected
vsxI:GFP progenitor spacing.A and B) Dorsal 3D renders of the spinal cord of control (C) (A)
and prickle (Pkl) (B) morpholino (mo)-injected Tg(vsx/:GFP) embryos at 20 hpf. GFP-
expression shows the pattern of initial vsx/:GFP cells and somites are visible in the bright field
image. The somites of Pk/mo-injected embryos appear shorter on the anteroposterior axis (flat-
ended lines) and lengthened on the mediolateral axis, compared to Cmo embryos. Scale bar =
25 pm. C) The number of vsx/:GFP divisions that occur before 20 and 22 hpf in Cmo (black
bar) and Pk/mo (grey bar)-injected embryos. No difference was found in the number of
divisions in Cmo or PkI/mo-injected embryos at either time point (ANOVA F (1, 70) = 0.0055;
p < 0.94). D) Location of vsx/:GFP cells in relation to the anteroposterior axis of the adjacent
somite. 0 = anterior border, 100 = posterior border. Vsx/ cells are evenly spread in relation to
the somite (x> (9, n = 49) = 2.45, p > 0.1). E) The measured somite size and distance between
initial progenitor cells for control (black bars) and Pkl (grey bars) morpholino-injected
embryos. Somites were measured in a single plane, where they met the neural tube (flat ended
line in A and B) and the distance between pairs of vsx/:GFP progenitors was measured from the
centre of each daughter cell pair (arrow headed lines in A and B). Compared to Cmo, Pk/mo
embryos have significantly smaller somites (Mann-Whitney U = 40; n; = 25, n, = 38; P <
0.001), but the initial distance between vsx/:GFP progenitors is not significantly different
between the treatment groups (unpaired two tailed t-test, t = 3.568, P = 0.0006, d.f. = 99). The
somite size and initial cell distance is not significantly different in control embryos but are
different in PkImo embryos (Unpaired Two tailed T-test, t = 4.371, p < 0.0001, d.f. = 92). F)
The ratio of somite size to initial spacing in Cmo and Pk1mo embryos. This ratio is significantly
increased by injection of Pk/ morpholino (Mann-Whitney U = 451; n; = 45, n, = 49; P <
0.0001). N =13 Cmo embryos and 8 Pk/mo embryos.
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Figure 4-8
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Figure 4-9: Fused somite mutant embryos show unsegmented mesoderm but unaffected vsxI-
expressing progenitor spacing. A-D) DIC images of the lateral view of fss-/- and sibling embryos at 26
hpf. A and C) Focusing in the myotome allows the visualisation of the chevron shape of segmented
somites in sibling embryos. In fss-/- embryos, this clear segmentation is lost. B and D) Focusing on the
neural tube, the gross structure looks normal in fss-/- compared to sibling embryos. Arrows show the
border between the neural tube and notochord. Anterior is to the left. NT = neural tube. NC = Notochord.
E and F) Maximum projection of a dorsal view of the spinal cord of sibling and fss-/- embryos after in
situ hybridisation for vsx/ (white) and counterstain for nuclei (Sytox, blue). Arrowheads show vsxI-
expressing neurons in the neural tube. Asterisks are place in the centre of each somite. Dotted lines show
the apical surface and dashed lines show the basal surface. Scale bar = 25 um. G) Graph showing the
mean (£ SEM) distance between vsx/-expressing neurons in sibling and fss-/- embryos. No difference in
vsx1 spacing was observed between sibling and fss-/- embryos (unpaired t-test, P = 0.1539, t = 1.439, d.f.
=94).

142



Figure 4-9

N
Z
- LY L L) S
(==} © < ~
(wn) asueysig
U]

fss-/-

Sib



4.4.4 DeltaD-GFP BAC transgenic zebrafish labels T-shaped cells

The Clarke and Alexandre labs have previously characterised differentiating neurons and non-
apical progenitors extending membrane protrusions (basal arms) into the surrounding tissue
(unpublished, described in section 4.1.3.1). As vsx/:GFP cells are the only population of non-
apical progenitors in the tissue at this stage, we know that these cells undergo the T-shaped
morphological transition prior to division. The function of basal arms in zebrafish neuronal
differentiation is currently unknown, however there are a number of similarities between basal
arms and the membrane extensions known to pattern the development SOPs in Drosophila
(described in detail in section 4.1.3). This suggests that neurogenesis in the zebrafish spinal cord
might employ a similar long-range mechanism to space and pattern neurons as has been

characterised in the Drosophila notum.

Patterning of SOPs is known to require Delta Notch signalling (De Joussineau et al. 2003;
Cohen et al. 2010). Therefore, to address the hypothesis that neurogenesis in zebrafish is
patterned in time and space by the activation of Notch signalling by Delta ligand delivered by
basal arms, similar to what is known for Drosophila, I have analysed the expression of a deltaD-
GFP fusion protein in transgenic zebrafish embryos (embryos provided by Dr Oates, UCL,
unpublished). This fusion protein has been shown to rescue the phenotype of the deltaD mutant
line, demonstrating that the fusion protein is functional (B-K. Liao and A. Oates, unpublished).
While puncta of deltaD-GFP are present throughout the neuroepithelium, the cells that express
the highest levels of deltaD-GFP are in the T-shaped transition (Figure 4-10). In fact, T-shaped
cells are the only cells whose morphology is clearly labelled in this line. Importantly, deltaD-
GFP expression is seen along the basal arms of these cells (shown by the arrows in Figure
4-10). This data suggests that the basal arms are able to deliver Delta-mediated lateral

inhibition.

This is strong circumstantial evidence that Delta Notch signalling might mediate the inhibitory

signal provided by basal arms.
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Figure 4-10: DeltaD BAC is expressed in T-shaped cells. Maximum projection of a dorsal view of the
spinal cord of a Tg(deltaD-GFP) embryo. GFP expression is shown in grey scale. A) DeltaD-GFP puncta
are highly expressed in the basal arms (arrows), apical process (empty arrowhead) and basal soma of a T-
shaped cell (asterisks). These puncta are mobile (most obvious in the cell soma in A-C). Apical surface is

shown by a dotted line and basal surface by a dashed line. Scale bar represents 25 pm.
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4.5 Discussion

Studies of vertebrate neurogenesis have historically been limited to fixed tissues or transverse
slice cultures due to technical difficulties associated with live imaging opaque and large tissues.
Therefore, the dynamics of a population of neurons differentiating in space and time in a whole
tissue have not yet been studied, particularly in the vertebrate spinal cord. However, there are
data from zebrafish and Xenopus embryos, which indicate that early long distance patterning of
neuronal subtypes followed by younger cells filling in the gaps is a common feature of
vertebrate neurogenesis (Roberts et al. 1988; Roberts et al. 1987; Dale et al. 1987; Kimura et al.
2008; England et al. 2011), and one that is currently unexplained. Zebrafish embryos are an
ideal model to address this question due to the ease of live imaging and the ability to label
subpopulations of neurons. Here, | generated a quantitative characterisation of the
spatiotemporal dynamics of the differentiative divisions of vsx/-expressing progenitors in the
zebrafish spinal cord. Vsx/ non-apical neuronal progenitors are an ideal neuron subtype to use
for this study as they do not change position after division, unlike other neuronal subtypes that

are known to migrate into their correct position after differentiation (Sato-Maeda et al. 2006).

Quantitative analysis of the spatiotemporal pattern of differentiation shows that vsx/:GFP cells
have an initial long distance spacing pattern along the anteroposterior axis of the neural tube and
this pattern is formed independent of mesoderm-derived signals. The progenitors that divide
next will most likely do so in the space between existing cells. Further analysis reveals that vsx/
progenitors are unlikely to divide close together in time and space. This suggests that dividing
vsx] progenitors are employing a mechanism to inhibit neighbouring cells within 40-60 wm
from also differentiating in a 1 hr 30 min window. I also show that cells undergoing the T-
shaped transition express Delta-GFP, suggesting that the inhibitory signal is delivered by Delta
Notch signalling.

Taken together the data presented in this chapter suggests that a long distance inhibitory
mechanism exists to stop progenitors undergoing division at the same time and in the same
place. These data support our hypothesis that the basal arms we have observed on
differentiating neurons might play a role in inhibiting adjacent cells from differentiating too.
However, more direct and precise experimental evidence will be necessary to fully test this

hypothesis.

4.5.1 Comparing patterning mechanisms in the Drosophila notum and zebrafish
spinal cord
The hypothesis that I have been discussing in this chapter, that a long-range signal generates a

spatiotemporal pattern of neuronal differentiation, is based on observations of SOP development
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in Drosophila and previous data from the Clarke lab on the cell morphological changes that

occur during neuronal differentiation.

A self-organising patterning mechanism has been well characterised during the development of
a specific neuronal cell type, sensory organ precursor cells (SOPs), in the Drosophila notum
(Cohen et al. 2010; De Joussineau et al. 2003). In the single-layered epithelial sheet that forms
the notum, differentiation of SOPs is limited to a small number of cells, spread throughout the
tissue, by long-range Delta Notch-mediated lateral inhibition, delivered by filopodia-based
membrane extensions present on differentiating cells (Cohen et al. 2010; De Joussineau et al.
2003). We hypothesise that differentiating neurons and non-apical progenitors in the zebrafish
spinal cord space themselves out using a similar mechanism. During differentiation these cells
undergo the T-shaped morphological transition and extend basal arms along the basal surfaee.
These cellular processes provide lateral inhibition signals to inhibit the differentiation of cells

within their reach.

As well as the similarities I have discussed, a number of important differences exist between the

two systems.

First, neuronal differentiation in the notum lacks a temporal dimension, meaning that all cells
differentiate within a short time period. In this system the patterning cue acts, the specified cells
differentiate as SOPs and the induced spacing pattern is maintained. In contrast, during
neurogenesis in the zebrafish spinal cord differentiation occurs spread through time and over a
long neurogenic phase. Therefore, the patterning system is not inhibiting neurogenesis in the
region adjacent to the T-shaped cell but delaying neuronal differentiation to spread it out
through time. This requires the patterning cue to be flexible, allowing it to be dismantled and re-
established through time. (Incidentally, this adds support to our finding that mesoderm-derived
cues are not required for this pattern, as any cue coming from the somites is most likely to be set
through time and should result in accumulation of neurons in a location, not the space filling

that we see.)

Second, in Drosophila the notum is a 2D epithelial sheet, while the zebrafish spinal cord is a 3D
tube structure with domains of neuroepithelial cells that produce different neural cell types
stacked along the dorsoventral axis. Our current model is based on spatial selectivity of T-
shaped cells, whereby the basal arms are limited to a single dorsoventral plane and therefore
only come into contact with one type of differentiating cell (in this case vsx/ progenitors).
However, we have observed filopodia extending radially from the soma and basal arms of T-

shaped cells, suggesting they are able to signal to multiple cells across different dorsoventral

148



levels and therefore might contact and interact with multiple subtypes of progenitors and
differentiating neurons. In spite of this, we have preliminary data that suggests the spacing of
different neuronal subtypes is established independently of each other (P. Alexandre,
unpublished). This might indicate that T-shaped cells are only able to interact with and
specifically inhibit progenitors of the same type, mediated through an unknown molecular

selectivity for differentiating cells of the same subtype.

These differences, and others (summarised in Table 4-2), that exist between SOPs and vsx/
progenitors during pattern development will mean that differentiation in the zebrafish neural

tube may be significantly more complex and nuanced than in the Drosophila notum.

Table 4-2: Comparison of the role of cellular protrusions in patterning sensory organ precursor cell

(SOPs) in Drosophila and vsxI progenitors in zebrafish.

Drosophila SOPs Zebrafish vsxI progenitors

Two per cell, one anterior, one posterior.

Number of protrusions High number: forms a web. Radial filopodia on the soma and basal
arms.
Length of protrusions 6.5—12 um. 45.89 + 15.88 pm.
Highest concentration at basal Extend along the basal surface of the

Location of protrusions
surface. neural tube

Up to 5 nuclei at basal surface, up to 10 at
Spacing between cells 3-5 cell diameters.
the apical surface.

Mechanisms driving arm | Delta overexpression increases

Unknown.
growth the size of the filopodia web.
Composition Actin-based filopodia. Microtubules.
Contact between ) )
Yes. ‘Sustained physical
protrusions on Yes.
interaction’
neighbouring cells?
) Delay of neurogenesis over embryonic
Patterning outcome Binary cell fate choice.
neurogenesis.

Cohen et al. 2010; De This chapter.
Sources )

Joussineau et al. 2003 P. Alexandre (unpublished).

4.5.2 Limitations of this live imaging and quantification method.

The purpose quantifying the spatiotemporal patterning of differentiation was to establish an
unbiased method of investigating a large scale patterning event. However, it is hard to achieve
this mainly due to two technical limitations of our live imaging set up. First, the field of view of

the objective means we can only image a certain length of the spinal cord at any one time
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(maximum of 400 pum). We could overcome this and capture differentiation in the whole spinal
cord through tiling, however gathering and analysing data from multiple embryos would
become extremely time-consuming. Second, although we are able to maintain samples and
image them for very long periods of time, after approximately three iterations of differentiation,
the high number of vsx/:GFP expressing cells makes it difficult to observe new divisions. This
has limited my analysis to around 6 hours after the first vsx/:GFP progenitors are seen. We
might be able to extend this in time if we were able to photoconvert the ‘old’ neurons at a given
time point, perhaps using the photoconvertible protein Kaede, allowing clearer visualisation of
newborn cells. Together these limitations mean there is a decreased likelihood of observing
divisions occurring far about in time and space. These limitations, however, do not affect
observations of ‘close’ dividing cells (>40 um and >1 hr 30 mins), allowing accurate analysis of
the distribution of divisions that occur within this range, which is ideal for studying local pattern

formation as we have addressed here.

Another, perhaps more important, limitation concerns the Tg(vsx/:GFP) transgenic line. This
transgenic line allows clear visualisation of cell divisions but GFP expression is only visible
from when the cell has rounded up. Therefore, we are unable to visualize the T-shaped
morphological transition that occurs prior to this stage. This is a major limitation as we are
unable to observe the behaviour of T-shaped cells and the positioning of the next iteration of
divisions at the same time. We tried performing this analysis with other available transgenes
(ngn:GFP, pax2:GFP and En:GFP) but we found that GFP was either expressed in proliferative
progenitors or too late in the differentiation process, which made the data analysis complex (P.

Alexandre; unpublished).

Despite these technical limitations, here we were able to generate a quantitative description of
vsx] differentiation through time and space. This data could be used to model this pattern

formation in order to test and refine our hypothesis (see Chapter 5, below).

4.5.3 Are differentiating neurons spaced by long distance signals delivered by
protrusions in mammals?
Long protrusions, similar to those described here, have been reported in the rodent cortex. bIP
cells in the rat and mouse SVZ were described as having a large number of multidirectional
membrane extensions (Noctor et al. 2004; Nelson et al. 2013). The authors of the first study that
observed this phenomena stated that the presence of these transient processes suggest that the
cell is “sensing local factors” prior to division (Noctor et al. 2004). Since then these processes
have been shown to be involved in mediating Delta Notch signalling between bIP and aRG

cells, which maintains the proliferative progenitor population (Nelson et al. 2013).
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Comparing these studies to our data suggests that differentiating neurons in the zebrafish and
rodent cortex share morphological similarities. It would be interesting to investigate both
whether bIP cells in the rodent cortex are spread in time and space, like I have shown in the
zebrafish and whether basal arms in the zebrafish are involved in maintaining proliferative

progenitor populations, as is seen in rodents.

4.5.4 Summary

In this chapter I quantitatively analysed the spatiotemporal pattern of differentiation of vsx/
non-apical neuronal progenitors in the zebrafish spinal cord. These data show that initial cells
arise with a long distance spacing pattern and first iteration cells divide in the space between
initial cells. Formation of this pattern is independent of mesoderm-derived signals. We
hypothesise that basal arms deliver a long distance inhibitory signal to the surrounding cells to
spread neuronal differentiation in time and space. This would explain the observation that the
division of any two vsx/ progenitors is unlikely to occur within 40 um and 1.5 hours of each
other. Finally, I observed the expression of deltaD protein on the basal arms, suggesting that the

long distance inhibitory signal is mediated by Delta Notch signalling.

Currently we do not have a method to visualise the entire process of pattern formation.
However, we should be able to model it using this dataset as well as that quantitative
description of the T-shaped morphological transition. This approach would allow us to test and

refine the hypothesis we have generated. I discuss this work in the next chapter.
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CHAPTER 5§
SIMPLE MODELLING OF THE FORMATION OF THE
PATTERN OF VSXI PROGENITOR DIFFERENTIATION IN
SPACE AND TIME
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5 Simple modelling of the formation of the pattern of

vsxI progenitor differentiation in space and time

5.1 Introduction

Brain development is a dynamic process that needs to be regulated concurrently in time and
space. The spatiotemporal dynamics of neurogenesis in the vertebrate central nervous system,
and how they are regulated, are not well understood. To address this gap in our knowledge, in
Chapter 4 1 generated a detailed description and quantification of the spatiotemporal dynamics
of vsx/ intermediate progenitor differentiation in the zebrafish spinal cord. These analyses
showed that differentiative divisions of vsx/ progenitors occur regularly spaced along the
anteroposterior axis and through developmental time. Our data suggest that this spatial pattern is

established independent of mesoderm-derived signals.

As vsx1:GFP-expressing progenitors are the only population of non-apical progenitors in the
zebrafish spinal cord at early stages (see Chapter 3), we know they undergo the T-shaped
morphological transition prior to division. During this stereotyped behaviour, differentiating
cells extend two long protrusions (referred to as basal arms), along the basal surface of the
neural tube, one anteriorly and one posteriorly (unpublished, but described in detail in sections
4.1.3.1 and 5.1.1, Figure 4-2). The function of basal arms in neuronal differentiation is currently
unknown. However, the similarities between these basal arms and the membrane extensions on
SOPs in Drosophila suggest that neurogenesis in the zebrafish spinal cord might employ a long-
range mechanism to space and pattern neurons as has been characterised in the Drosophila
notum (discussed in detail in 4.1.3). Therefore, we hypothesise that basal arms of T-shaped cells
deliver signals over long distances to inhibit cells that they contact from differentiating. As the
T-shaped cells retract their basal arms, cells will be released from inhibition and some are then
able to differentiate. The new cells will then begin the process of differentiation, extending
basal arms themselves and thereby affecting the next iteration of divisions (Figure 4-3). In this
way, differentiating cells provide a long distance inhibitory signal to space the differentiation of
other cells through time and space (Figure 4-3). In Drosophila, the inhibitory signal is mediated
by the activation of Notch signalling by Delta on long filopodia (Cohen et al. 2010). It is
possible that Delta Notch signalling also provides the inhibitory signal during long distance
pattern formation in the zebrafish spinal cord as we have observed that these T-shaped cells, and

importantly, their basal arms express deltaD (P. Alexandre, unpublished and Figure 4-10).

Since vsx/:GFP expression is not visible until after the T-shaped transition is complete we are

unable to directly visualise the precise interplay between basal arms and the spatiotemporal
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pattern of vsx/:GFP differentiative divisions simultaneously. However, we do have detailed
quantitative data on the T-shape transition from randomly labelled neurons and non-apical
progenitors (data obtained by Paula Alexandre; discussed below and section in 4.4.1) as well as
the data I obtained from vsx/:GFP time-lapse analyses on the spatiotemporal pattern of
differentiation (Chapter 4; summarised in section 5.1.2). In this chapter, I use both of these data
sets to generate a simple conceptual model to test and refine our long-distance patterning

hypothesis.

5.1.1 The quantified dynamics of the T-shaped morphological transition

Previous work has quantitatively characterised the behaviour of T-shaped cells (n = 25 neurons
and 7 non-apical progenitors; P. Alexandre, unpublished), allowing us to calculate values for the
mean maximum basal arm length as well as speed of growth and speed of retraction of the basal
arms (summarised in Table 5-1). In the majority of cases, time-lapse movies do not capture the
beginning of this behaviour but we have observed the full behaviour in 14 cells (12 neurons and
2 non-apical progenitors). Basal arms were measured from the edge of the cell soma to the tip of
the basal arms. To track their behaviour over time, this measurement was taken every hour.
Differentiating neurons have been seen to extend basal arms with an average maximum length
of 42.58 um (SD = 20.23 pm) from cell body to the tip of the basal arm. The speed of growth
was calculated as the speed of basal arm extension to the maximum observed length. The rate of
retraction is the speed at which the basal arms withdrew from their maximum length to

complete retraction into the cell body.

From these data we found that the basal arms persist for between 3 and 10 hrs from initial
growth to full retraction. In the majority of cases axonogenesis occurs after the basal arms have
fully retracted (23/27 differentiating cells; average = 1 hr 6 mins after full retraction). We
noticed that the behaviour of the basal arms is variable between individual, even neighbouring,
cells. We frequently found that the basal arms on a single T-shaped cell behave differently from
each other in every aspect measured, showing that the behaviour of basal arms on a single T-
shaped cell is not symmetric. Although the basal arms appear to be restricted to a single
dorsoventral level, they also emanate radial filopodia, and therefore there is potentially
interaction between cells at different dorsoventral levels (data not shown). Moreover, we have
observed the basal arms from adjacent T-shaped cells overlapping, and therefore potentially

interacting, over periods of several hours.
5.1.2 The quantified spatiotemporal pattern of vsx/:GFP differentiation

Previously, I quantified the spatiotemporal dynamics of neuronal differentiation in the

Tg(vsx1:GFP) transgenic line as GFP expression is only seen in a single subtype of cells. From
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this characterisation I found that vsx/:GFP expression in the spinal cord is present in individual
progenitors and their daughter cells on the basal surface of the neural tube by 20 hpf. These
‘initial’ cells are found periodically spaced along the anteroposterior axis, separated by an
average of 45.9 um (= 15.9 SD). After the establishment of the initial pattern, further
differentiation events occur in repeated ‘iterations’ of divisions, where the cells that differentiate
after the initial pattern are referred to as first iteration cells and the subsequent iteration is the
second iteration. It is possible to estimate the time lag between different iterations. (These data
are summarised in Table 5-1.) This quantification of pattern formation showed that first
iteration progenitors are most likely to divide in the middle of the space between two initial

cells and two progenitors are unlikely to divide close together in time and space.

5.2  Aim of chapter

Currently we are unable to directly visualise and test our hypothesis of long distance patterning
of neurons in the zebrafish spinal cord. In this chapter I aim to generate a simple conceptual
model that simulates the basic tenets of our hypothesis using the features that we have currently
observed and quantified. This simple model will allow us to conceptualise the interaction
between cells. A simple model also offers the opportunity to test and refine our current

hypothesis by carrying out thought experiments and analysing the effect on pattern formation.

Table 5-1: Summary of the data derived from quantification of the T-shaped morphological
transition (of neurons and non-apical progenitors) and the development of vsx/ non-apical

progenitors in time and space.

T-shaped morphological transition Vsx1:GFP progenitor patterning
Speed (um/hr) Max basal arm Initial Iteration lag time
Growth | Retraction | length (um) spacing (pm) | ypigial to 1% 1% to 2"
Mean 10.48 16.44 42.58 45.89 2 hr 39 mins 3 hr 17 mins
SD 7.83 7.59 20.23 15.88 1 hr 3 mins 1 hr 24 mins
N 23 cells 21 cells 21 cells 12 embryos 12 embryos 12 embryos
Source P. Alexandre (unpublished) Chapter 4 of this thesis
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5.3 Results

5.3.1 The average T-shaped morphological transition covers a kymographic
diamond shape in time and space
To visualise the behaviour of a real T-shaped cell over time from first basal arm extension to
full retraction, I generated a kymograph from a movie of basal arms dynamics (Figure 5-1; P.
Alexandre, unpublished). This image allows the visualisation of basal arm dynamics through
time and shows that the process of basal arm growth and retraction in vivo is not smooth. In
order to generate an average representation of T-shaped cell behaviour I used the data gathered
characterising the T-shaped morphological transition of neurons and non-apical progenitors (n =
34 cells; P. Alexandre, unpublished; summarised in Table 5-1). I represented the growth of the
basal arms from the cell body (approximately 5 um wide) at the average speed of growth (solid
lines; average speed + SEM = dotted line; and average speed — SEM = dashed line) to the
average maximum length of the basal arms (purple diamond in Figure 5-2A). I represented the
retraction of the basal arms in the same way: from the average maximum basal arm length to
full retraction (i.e. cell body only; average speed = solid lines; average speed + SEM = dotted
line; and average speed — SEM = dashed line). This average basal arm behaviour generates a

kymographic diamond shape in space and time.

The observed variation in the maximum basal arm length will have an impact on the
spatiotemporal spread of the T-shaped cells. To visualise this I repeated the above process to
generate a representation of a T-shaped cell with ‘short’ basal arms (average maximum basal
arm length minus 1 standard deviation; red diamond in Figure 5-2A) and another with ‘long’
basal arms (average maximum basal arm length plus 1 standard deviation; blue diamond in
Figure 5-2A). These kymographic diamonds highlight how variable the T-shaped
morphological transition is between cells, in terms of both the length of time to complete the
behaviour as well as the length of neural tube the basal arms can cover. These representations of
basal arm behaviour show that the T-shaped morphological transition, from start to finish, can
vary from 3 hrs 4 mins to 11 hr 20 mins. This matches the actual range of time we know cells
can spend in the T-shaped transition from time-lapse movies (3 hrs 40 mins — 10 hrs 40 mins; P.

Alexandre).

In the representations of T-shaped behaviour in Figure 5-2A the inner most lines represent the
minimum likely speed of growth and retraction of the basal arms and the outer most lines
represent the maximum likely speed of growth and retraction of the basal arms. Therefore, the
region between outer most lines and the inner most lines in the kymographic diamonds
represent where, in time and space, the end of the basal arms are most likely to be (shaded area

in Figure 5-2B).
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To visualise real individual T-shaped cell behaviours, I plotted the length of the basal arms over
time for all the non-apical progenitors that we have observed (Figure 5-3). In the majority of
the time-lapse imaging data, we do not capture the whole T-shaped morphological transition. It
is clear from the graphs that the behaviour of the basal arms on any given cell are often
asymmetric, with each basal arm growing and retracting at different speeds and reaching
different maximum lengths (Figure 5-3A, cells 3 and 7, for example). The red line represents
when the progenitors divide, showing that one or both of the basal arms can persist after
division (Figure 5-3A, cell 1, 3, 5 and 7), however on average both arms are fully retracted
within 17 mins of division (+ 48.04 SEM). From these representations, it is clear that the T-

shaped behaviour is variable between individual cells (Figure 5-3B).

To compare real individual cell behaviours (from Figure 5-3A) with my averaged
representations of the T-shaped transition (from Figure 5-2B), I superimposed graphs of real
data with kymographic diamonds that most closely matched the maximum basal arm length on
that cell (Figure 5-3C). I used the point where both arms are fully retracted as the common
point for superimposition. Comparing the kymographic diamonds to real data, I found that the
observed basal arm behaviour is closely matched by the kymographic diamonds for some cells
(Figure 5-3C, cell 5, for example), while the kymographic representations only match one basal
arm in others (Figure 5-3C, cell 3, for example). This shows that the average kymographic
diamond shapes do not fully match the behaviour of all cells. This highlights that the real arm
behaviour is quite variable from cell to cell; the rates of individual arm extension and retraction
are often not smooth and the arms are rarely symmetric on both sides of the cell. Nonetheless,
the kymographic diamonds are currently our best approximation of basal arm dynamics and are
reasonable representations of average arm behaviour in space and time. Therefore, I will use
these kymographic diamond shapes to approximate basal arm dynamics in the following models

and thought experiments.
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Figure 5-1: Kymograph of basal arms. A) 3D reconstruction of a mosaically labelled T-shaped cell,
expressing membrane-cherry. A white dashed line shows the basal surface and a dotted line shows the
apical surface. Arrows indicate the basal arms and the arrowhead indicates the apical process. B)
Kymograph of the region in the yellow box in A. The white dotted line traces the maximum length of the
basal arms through time. C) The image in B is cropped to show only the behaviour of the basal arms of
this cell. Scale bar = 25 pm. The images in this figure are from a time-lapse movie generated by P.

Alexandre (unpublished).
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Figure 5-2: Modelling the dynamics of T-shaped cells in time and space. A) Kymographic
representations of the growth of basal arms from the cell body to full extension and then from full
extension to full retraction cover a diamond shape in space. Three different maximum arm lengths are
modelled. The average speed of growth or retraction shown is by solid line. Dotted line shows average
speed + SEM. Dashed line shows average speed — SEM. B) From the diamonds in A, the inner most lines
represent the minimum growth/retraction (shown by the dotted line in B) while the outer most lines
represents the maximum growth/retraction of the basal arms (shown by a dashed line in B). The shaded
area represents the predicted location of the end of the basal arms through time and space. Orange =
average maximum arm length — SD (short arms). Purple = average maximum arm length (average arms).

Blue = average maximum arm length + SD (long arms).
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Figure 5-2
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Figure 5-3: The observed T-shaped dynamics of non-apical progenitors show high variability
between individual cells. A) Graphs showing the change in the length of the basal arms over time
observed on 7 individual non-apical progenitors. The black lines represent the maximum length of the
arms over time, ending at the time point when axonogenesis occurs. B) All 7 cells plotted on the same
axis, each colour refers to an individual progenitor. C) The graphs of individual non-apical progenitor’s
T-shaped behaviour are overlaid with kymographic diamonds showing where the end of the basal arms is
likely to be in time and space (from Figure 5-2B). Orange = average maximum arm length — SD (short
arms). Purple = average maximum arm length (average arms). Blue = average maximum arm length + SD
(long arms). The grey line shows the location of cell body. The red line indicates when the non-apical

progenitors divide.
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Figure 5-3; Page 1
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5.3.2 Cells in between a pair of vsx/ initial progenitors are likely to be contacted
by the basal arms of both initial cells
To generate a simple model of cell behaviour during pattern formation according to our current
hypothesis, I arranged average kymographic diamond representations of T-shaped cells in a
line, separated by the average initial spacing observed in vsx/:GFP movies (average + SD =
45.89 ym + 15.88; initial cells in Figure 5-4A). I assumed that all initial cells begin this
behaviour at the same time. It is striking that the average distance between initial cells is
approximately equal to the average length of a basal arm (Figure 5-4A and Table 5-1). This
implies that the basal arm of one vsx/ cell can contact the cell body of the next differentiating
vsxI cell and that the basal arms from adjacent differentiating vsx/ cells are likely to be in close
proximity for a long period of time. This matches observations from time-lapse data where
mosaically labelled cells are relatively close to one another (P. Alexandre, unpublished data).
Furthermore, the cells that lie in between two initial vsx/ progenitors are likely to be contacted

by the basal arms from both of the nearest T-shaped cells.

5.3.3 Modelling the role of basal arms in patterning the first iteration of
progenitors differentiation

Next, | suggested some rules for how basal arm behaviour could regulate the differentiation of

intervening cells and then modelled the spatiotemporal pattern of vsx/ differentiation that would

result, using average kymographic diamonds.

I tested each of the following rules:

A) Proposed rule 1. ‘New’ vsx/ progenitors will only begin the T-shaped differentiation
programme when basal arms of earlier vsx/ cells retract, releasing the inhibitory
signals. This is the assumption we make in our hypothesis (Figure 4-3).

B) Proposed rule 2. ‘New’ vsx/ progenitors will begin their differentiation programme
when the basal arms of earlier cells meet in the middle of the intervening space. This
tests the assumption that the basal arms deliver a signal that induces differentiation,
which is the opposite of our current hypothesis (Figure 4-3).

C) Proposed rule 3. First iteration cells will divide 2 hrs 39 mins after the division of
initial cells. Two hrs 39 mins was the average time interval observed between the initial
and first iterations of vsx/ progenitor division events (mean + SD = 2 hrs 39 mins + 1 hr
3 mins). This should reveal the real interaction between the T-shaped cell behaviour of

initial and first iteration vsx/ progenitors.

In the resulting modelling, Proposed rule 1 generates a time interval of 5 hr 15 minutes between

division of the initial and the first iteration of vsx/ progenitors (Figure 5-4A) and Proposed rule
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2 generates an equivalent time interval of 1 hr 30 minutes (Figure 5-4B). Neither of these
matches the real observed time interval of 2 hrs 39 mins. For Proposed rule 3, I imposed the
observed time interval of 2 hrs 39 mins and the resulting model suggests that first iteration cells
must start their T-shaped transition 45 mins - 1 hr after the basal arms of initial cells have met in

the middle of the intervening space (shown by the asterisks in Figure 5-4C).

5.3.3.1 Implications of testing Proposed rules 1, 2 and 3

Most importantly, the simple hypothesis that intervening cells begin the differentiation process
after retraction of basal arms removes the inhibitory signal is wrong. Instead, these models show
that new progenitors are most likely to start the T-shaped behaviour approximately 1 hr after the
basal arms of older differentiating cells meet. This output of the model could be interpreted two
ways. First, if two basal arms contact a cell then it is induced to differentiate and will begin the
T-shaped behaviour. Alternatively, if the basal arms do in fact provide an inhibitory signal,
these models suggest that the cells in between initial vsx/ progenitors become competent to
differentiate while the initial cells are extending their basal arms. In this case, the longer a cell is
free from basal arm-derived inhibition the more likely it is that the cell will begin
differentiation. Therefore, the next cell to differentiate is most likely to be approximately where

the basal arms meet, as these cells have been inhibition-free for the longest period.

Whatever the mechanism that causes this pattern, from these models it is reasonable to set a rule
that later differentiating cells begin the T-shaped morphological transition 1 hr after the basal
arms of earlier differentiating cells meet. This time lag between basal arms meeting and the start
of the T-shaped behaviour in the new cells could indicate that the neuronal differentiation
programme does not start with the extension of basal arms. Alternatively, this observation might

be due to an unknown feature of this patterning event that the model does not account for.

Additionally, modelling Proposed rule 3 (observed time between iterations) also shows that
basal arms of initial cells can be in contact with cell bodies of first iteration cells that have also
started the T-shaped transition for up approximately 4 hrs. The basal arms from the initial and
first iteration cells are likely to superimpose for similar lengths of time. This suggests that once
a cell has begun to extend basal arms, contact with the basal arms of nearby T-shaped cells can
no longer inhibit it. This observation also highlights the potential for interaction between early
and later differentiating cells despite being several cell body diameters apart. This hints at the
possibility that earlier and later differentiating cells could influence the rate that each other pass

through the T-shaped morphological transition.
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5.3.3.2 Testing Proposed rules 1, 2 and 3 using different arm lengths

I next looked at the effect of different basal arm lengths on pattern formation in time and space.
I generated Figure 5-4 again using kymographic diamonds representing average speeds of basal
arm growth and retraction for T-shaped cells with ‘long’ basal arms (average + 1 standard
deviation; Figure 5-5) and ‘short’ basal arms (average — 1 standard deviation; Figure 5-6). In

these diagrams the initial spacing is still the average observed distance.

In these simple models, applying Proposed rule 1 to pattern the first iteration of cells results in a
time difference between initial cell divisions and first iteration divisions of 8 hr 50 mins for the
long arms and 2 hr 30 mins for the short arms (Figure 5-5A and Figure 5-6A). The time lag
between iterations generated by the long arms is nearly 3 times longer than observed (Figure
5-5A). In the case of the short arms, the time difference between iterations matches the observed
data (Figure 5-6A). Applying Proposed rule 2 to representations of long and short arm
behaviour can result in a time difference between iterations of 1 hr 30 mins, as in the models
using average basal arm lengths (Figure 5-5B and Figure 5-6B; compared to Figure 5-4B).
Interestingly, in both cases imposing the observed time difference (Proposed rule 3) suggests
that first iteration progenitors begin to extend basal arms approximately 1 hr after the basal arms
of initial cells meet (see asterisks in Figure 5-5C and Figure 5-6C). In these models, the long
arms show high levels of overlap, with each basal arm contacting up to 5 other T-shaped cells
(Figure 5-5C). In contrast, the diagrams modelling small arm behaviour show incompletely
tiling of the tissue by T-shaped cells, in other words, there are gaps in between the regions that

are under inhibition (Figure 5-6C).

5.3.3.3 Modelling the pattern of differentiation over multiple iterations

These first models only account for the generation of two iterations of differentiation (initial and
first), but we know that during development this continues through multiple iterations. From my
characterisation of vsx/:GFP progenitor divisions in time and space, I have calculated the
average time lag between the differentiative divisions of the first and second iteration of
vsx1:GFP progenitors as 3 hr 17 mins (= 1 hr 24 SD; Table 5-1). Therefore, I added second
iteration cells to the model so that they finished the T-shaped behaviour 3 hr 17 mins after the
first iteration progenitors (Figure 5-7A). This diagram shows how T-shaped cells might tile in
space and time, potentially to provide signals to pattern the whole tissue. In order for second
iteration cells to divide at the right time after the first iteration, these cells need to begin the T-
shaped morphological transition 1 hr to 1 hr 15 mins after the basal arms of the first iteration
meet (shown by the asterisks in Figure 5-7A), resembling the modelled initiation of the first

iteration.
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This simple model generates a regular pattern, with all the vsx/-expressing progenitors in an
iteration undergoing division at the same time (orange lines in Figure 5-7A) and the divisions
evenly spaced so that the cells in iteration ‘n + 2’ are at the same place as iteration ‘n’.
However, this clustering of divisions from separate iterations in the same space is rare in my
movies of the differentiation of vsx/:GFP progenitors. Furthermore, the observed spacing of
vsxI:GFP progenitors does not appear as regular as these models in pattern diagrams of
vsxI:GFP differentiation (Figure 4-5). Therefore, the simple modelling shown here does not
generate the variability seen in the real biology. Both the T-shaped morphological transition and
the patterning of vsx/:GFP progenitors contain a large amount of variation that we have not yet
incorporated into this model. Such variation might account for the inconsistencies between the

modelled and observed patterns.

5.3.3.4 Implication of modelling pattern formation through time

Taken together, these simple models all suggest that the basal arms of newer T-shaped cells
begin to extend 1 hr after the basal arms from the previous iteration have met in the space
between them. To visualise this phenomenon in future models I have generated an altered
kymographic diamond shape, where the extended rectangular shape at the top of the diamond
represents the 1 hr period of time where the cell has been committed to start the T-shaped
behaviour but has not yet begun to extend its basal arms (highlighted by a asterisks in Figure

5-7B).

We could interpret these data in one of two ways to explain how basal arms might pattern vsx/
progenitor divisions: 1) contact from two basal arms provide an activating signal that induce a
cell to differentiate and begin the T-shape morphological transition and 2) basal arms provide an
inhibitory signal to stop cells they are in contact with from differentiating. If the signal is
inhibitory then first iteration cells are specified in the space between initial progenitors before

they receive inhibition from basal arms.
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Figure 5-4: Modelling the patterning of first iteration progenitors using average arms (average
maximum basal arm length). Using the following assumptions derived from previous observations: 1)
the T-shaped morphological transition can be represented by kymographic diamond shapes over time and
space (where the maximum arm length is the average observed in time-lapse movies; purple cells; from
Figure 5-2; black circles represent the division event); 2) initial cells are spaced by the observed average
initial spacing (Table 5-1); and 3) all initial cells begin the T-shaped behaviour at the same time. A) If
first iteration cells can only begin the T-shaped transition after initial cells have retracted their basal arms
then the time difference between iterations will be 5 hr 15 mins. B) If the point at which the basal arms of
initial cells meet induces first iteration cells begin to extend arms, the time difference between iterations
can be as small as 1 hr 30 mins. C) In our data we observed the mean time difference between initial and
first iteration cell division as 2 hrs 39 mins. In order for the first iteration to divide 2 hrs 39 mins after the
initial cells then the first iteration cells will need to begin the T-shaped morphological transition

approximately 1 hr after the basal arms of initial cells meet (shown by the asterisks).
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Figure 5-4; Page 1

Assumptions based on observations:

1. The T-shaped behaviour is represented by average kymographic diamonds
(purple).

2. Initial cells are separated by average observed spacing (from vsx7:GFP movies).

Proposed rules to test:

1) ‘New’ vsx1 progenitors will only begin the T-shaped behaviour when the basal
arms of earlier vsx1 cells have been retracted.

OR

2) ‘New'vsx1 progenitors will begin the T-shaped behaviour when the basal arms
of earlier cells meet in the middle of the intervening space.

OR

3) The time lag between divisions of initial and first iteration cells is set at

2 hr 39 mins, as was observed in vsx1:GFP movies.
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C) Proposed rule 3
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Outcomes:

- Proposed rules 1 and 2 result in a time lag between the initial and first iteration
that is different to what was observed in vsx1:GFP movies.

- Imposition of the observed time lag of 2 hr 39 mins shows that the T-shaped
transition should start around 1 hr after the basal arms of the initial cells meet.




Figure 5-5: Modelling the patterning of first iteration progenitors using long arms (average
maximum basal arm length + SD). Using the following assumptions derived from previous
observations: 1) the T-shaped morphological transition can be represented by kymographic diamond
shapes over time and space (where the maximum arm length is the mean + 1 SD observed in time-lapse
movies; from Figure 5-2; blue cells, black circles represent the division event); 2) initial cells are spaced
by the observed average initial spacing (Table 5-1); and 3) all initial cells begin the T-shaped behaviour
at the same time. A) If first iteration cells begin the T-shaped cells only after initial cells have retracted
their basal arms then the time difference between iterations will be approximately 8 hr 50 mins. B) If new
progenitors begin the T-shaped morphological transition when and where the basal arms of previous
progenitors first meet, the time difference between iterations could be as short as 1 hr 30 mins. C) If the
time difference between initial and first iteration cell division is as observed in vsx/:GFP progenitor
pattern, then there is a time lag of approximately 1 hr between the arms of initial cells meeting and the

first iteration cell beginning to extend arms (shown by the asterisks).
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Figure 5-5; Page 1

Assumptions based on observations:

1. The T-shaped behaviour is represented by kymographic diamonds for cells with
long basal arms (blue).

2. Initial cells are separated by average observed spacing (from vsx1:GFP movies).

Proposed rules to test:

1) ‘New’ vsx1 progenitors will only begin the T-shaped behaviour when the basal
arms of earlier vsx1 cells have been retracted.

OR

2)‘New’ vsx1 progenitors will begin the T-shaped behaviour when the basal arms
of earlier cells meet in the middle of the intervening space.

OR

3) The time lag between divisions of initial and first iteration cells is set at

2 hr 39 mins, as was observed in vsx1:GFP movies.
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B) Proposed rule 2
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Outcomes:

- Neither Proposed rule 1 or 2 result in a time lag between initial and first iteration
cells that is similar to what was observed in vsx7:GFP movies.

- Imposition of the observed time lag of 2 hr 39 mins predicts that the T-shape
transition of first iteration cells will start around 1 hr after the basal arms of the
initial cells meet.




Figure 5-6: Modelling the patterning of first iteration progenitors using short arms (average - SD
maximum basal arm length). Using the following assumptions derived from previous observations: 1)
the T-shaped morphological transition can be represented by kymographic diamond shapes over time and
space (where the maximum arm length is the mean - 1 SD observed in time-lapse movies; from Figure
5-2; orange cells, black circles represent the division event); 2) initial cells are spaced by the observed
average initial spacing (Table 5-1); and 3) all initial cells begin the T-shaped behaviour at the same time.
A) If first iteration cells can only begin the T-shaped behaviour after initial cells have retracted their basal
arms then the time difference between iterations will be 2 hr 30 mins. B) If new progenitors begin the T-
shaped morphological transition when and where the basal arms of previous progenitors first meet, the
time difference between iterations could be as small as 1 hr 30 mins. C) If the time difference between
initial and first iteration cell division is as observed in the vsx/:GFP progenitor pattern, then there is a
time lag of approximately 1 hr between the arms of initial cells meeting and the first iteration cell

beginning to extend arms (shown by the asterisks), generating a similar pattern as Proposed rule 1 (A).
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Figure 5-6

Assumptions based on observations:

1. The T-shaped behaviour is represented by kymographic diamonds for cells with
short basal arms (red).

2. Initial cells are separated by average observed spacing (from vsx1:GFP movies).

Proposed rules to test:

1) 'New’ vsx1 progenitors will only begin the T-shaped behaviour when the basal
arms of earlier vsxT cells have been retracted.

OR

2)'New’vsx1 progenitors will begin the T-shaped behaviour when the basal arms
of earlier cells meet in the middle of the intervening space.

OR

3) The time lag between divisions of initial and first iteration cells is set at

2 hr 39 mins, as was observed in vsx1:GFP movies.

A) Proposed rule 1 p45oum distance (um)
20 40 60 80 100 120 140 160 180 200 220 240

0
1

—_ 2 T

b -

S 39

£ 4: Initial cells
=

2 hr 30 mins

6 - Firstiteration

459 pm distance (um)

B) Proposed rule 2 —_—
20 40 60 80 100 120 140 160 180 200 220 240

0 -
14

time (hrs)

- Initial cells

:|:1 hr 30 mins

I | distance (um)
20 40 60 80 100 120 140 160 180 200 220 240

5 4 Firstiteration

45.9 um

C) Proposed rule 3

0
1]
= 2:
£ o3
.qg_, 4: Initial cells
. 5: 2 hr 39 mins
6 J, First iteration
Outcomes:

- Proposed rule 1 shows a time lag between initial and first iteration cells similar to
that observed in vsx1:GFP movies. This rule and the imposition of the observed
time lag (proposed rule 3) predict that the T-shape transition should start around

1 hr after the basal arms of the initial cells meet

- Proposed rule 2 results in a time lag shorter than is observed in vsx1:GFP movies.




Figure 5-7: Modelling the differentiation pattern of multiple iterations. Assuming that the T-shaped
morphological transition can be represented as average kymographic diamond shapes over time and space
(where the maximum arm length is the average observed in time-lapse movies), that all initial cells begin
the T-shaped behaviour at the same time and that initial cells are spaced by the observed average initial
spacing. A) Applying the established patterning rules to a second iteration of differentiation, which we
know divide around 3 hrs 17 mins after first iteration cells, shows how multiple rounds of iteration might
interact over time. This model shows a time lag of 1 hr — 1 hr 15 between the basal arms of initial cells
meeting and first iteration cells extending basal arms (shown by the asterisks). An orange line joins
divisions from the same iteration and the black line holds the location of division through time. The
number of progenitors generated in each iteration is shown. B) Modified average kymographic diamond
shape, altered to show that the cell has been committed to start the T-shaped morphological transition at
least 1 hr before it begins to extend basal arms. This is shown by the rectangular extension at the top of

the diamond (see asterisks).
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Figure 5-7

Assumptions based on observations:

1.The T-shaped behaviour is represented by average kymographic diamonds
(purple).

2. Initial cells are spaced by average observed spacing.

3.The time lag between each iteration is as observed in vsx1:GFP movies.
4.The behaviour of T-shaped cells does not change over time/iterations.
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Outcomes:
- Cells from all iterations begin the T-shaped behaviour transition approximately
1 hr after the basal arms of cells from the previous iterations meet.




5.3.4 Adding elements of variability to models of vsxI progenitor dynamics

In the previous simple models I have assumed that the field of vsx/ cells is uniform; the T-
shaped behaviour of all the cells is the same, the initial cells are evenly spaced and they divide
at the same time. However, in real embryos all of these elements are variable. These simple
models offer the opportunity to look at the effect a single form of variation can have on the

pattern development over time.

Here, I look at the effect of variation in the spacing of initial vsx/ progenitors on the patterning
of the next iterations of progenitor divisions. In order to do this, I generated simple models of a
uniform field of cells and then altered the spacing between a single pair of initial cells. To
generate a uniform field of cells I assumed that average kymographic diamonds can represent
the T-shaped behaviour of all of the cells in the uniform field and that initial cells are separated
by the mean initial spacing observed in vsx/:GFP progenitors (purple kymographic diamonds in
Figure 5-8). I then altered the distance between one pair of initial cells to the average initial
distance minus one standard deviation (Figure 5-8A) or plus one standard deviation (Figure
5-8B). Red diamonds, pairs of circles and lines show initial cells with altered spacing. I also
used the best timing rule established by my previous models to predict the time and location of
first iteration cells in the uniform section of the field — i.e. new iterations begin the T-shaped
morphological transition 1 hr after the basal arms of the previous iteration meet (represented by
modified kymographic diamonds; from Figure 5-7B). To make the visualisation of iterations
and spacing easier, I have drawn an orange line connecting all cells from the same iteration, as

well as a black line from each division holding its position in space through time.

The obvious effect of altering the spacing of a pair of initial cells is that the time taken for the
basal arms of the altered cells to meet changes. The basal arms of initial cells that are the
average distance apart meet after approximately 2 hrs, but decreasing the distance between two
initial cells mean their basal arms meet after 1.5 hrs (Figure 5-8A) and after increasing the

distance between two initial cells this time lag is around 3 hrs (Figure 5-8B).

I previously showed that first iteration cells are mostly likely to begin the T-shaped transition
around 1 hr after the basal arms of initial cells meet. Theoretically, it is possible this
phenomenon is generated by either 1) an activating signal provided by contact from two basal
arms or 2) an inhibitory signal that acts over the field of cells in contact with the basal arms (see
section 5.3.3.4). Altering the time at which basal arms meet will have different impacts on
pattern formation depending on whether the signal provided by the basal arms is activates the

start of the T-shaped behaviour or inhibits it.
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5.3.4.1 The effect of assuming an activating signal on pattern formation

In the following thought experiment, I assume that the basal arms of T-shaped cells are
providing an activating signal, and that contact from two basal arms induces a cell to begin the
T-shaped transition. To visualise this, I used the timing rule established earlier and placed first
iteration progenitor kymographic diamonds so that they start the behaviour 1 hr after the basal

arms of initial cells meet (black modified kymographic diamonds in Figure 5-9).

I first looked at the effect of reducing the distance between a single pair of initial cells. In this
case, the basal arms of the differentiating cells meet sooner than the basal arms of other cells in
the field. This results in the first iteration of progenitors dividing sooner than other cells in the
same iteration (*Figure 5-9A). Cells in the second iteration are also affected by the change to
initial cell spacing, dividing sooner than other second iteration cells. Interestingly, second
iteration cells also show an altered spacing pattern, appearing just outside of the altered first
iteration cells, rather than in the same location, as seen in the uniform pattern (** in Figure

5-9A, compare to Figure 5-7).

In the opposite manipulation, increasing the distance between a pair of initial cells to the
average initial distance plus 1 standard deviation, the meeting of the basal arms of altered initial
cells is delayed. The predicted first and second iteration cells show a concurrent delay in
division time, relative to the rest of the field (* and **, respectively, in Figure 5-9B). Again, in
the second iteration the affected cells show changes in location as well as time of division,
appearing in the space between the initial cell and first iteration cells, in a way that is not seen in

uniform patterns (** in Figure 5-9A, compare to Figure 5-7).

In these thought experiments, small changes to the distance between initial cells can have
knock-on effects on the location and timing of subsequent divisions. This indicates that time

and space are interdependent in this patterning process.

5.3.4.2 The effect of assuming an inhibitory signal on pattern formation

In the following thought experiments I consider how variation in initial progenitor spacing
might affect pattern formation if I assume that basal arms are providing an inhibitory signal to
all cells they are in contact with. In this case, the length of time any cell is free from inhibition
(i.e. contact with basal arms) increases the chance that it will begin the T-shaped transition.
Here I also assume that once a cell has begun to differentiate, contact with basal arms cannot
inhibit it anymore, which is suggested by earlier models (see section 5.3.3.1). In model of
pattern formation within a uniform field of cells (Figure 5-7), the first iteration cells are free

from contact with basal arms for at least 2 hrs. So here I will assume that the cells in between
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the initial progenitors require 2 hrs free from inhibition before they can begin to differentiate as

first iteration progenitors.

In the models showing decreased spacing between one pair of initial cells, the basal arms of the
initial cells are in contact with all of the intervening cells before the 2 hrs required to induce
differentiation has lapsed (Figure 5-10A). Therefore, no first iteration cells will differentiate
between the altered initial cells (Figure 5-10A). Instead, the cell that fills the gap between the
near-spaced initial cells divides after the second iteration progenitors in the rest of the field

(asterisks in Figure 5-10A).

In the case of increasing the distance between two initial progenitors, a wider space is still free
from inhibition 2 hrs after the initial cells started to extend their basal arms (Figure 5-10B). It is
possible that more than one first iteration progenitor could be generated in this larger space. It is
mostly likely that a pair of first iteration cells will begin the T-shaped transition at
approximately the same time and with a small distance between them (* in Figure 5-10B). A
small shift is also seen in the spacing of second iteration cells but no effect is seen in the timing

of these divisions (** in Figure 5-10B).

These thought experiments suggest there are situations in which either 1) no first iteration cell
or 2) two first iteration cells could be generated between two initial progenitors. Examples of
such patterns were observed in real vsx/ progenitor pattern diagrams (Figure 5-11A and B,

respectively), demonstrating that these phenomena occur in real patterns of vsx/ differentiation.

5.3.4.3 Implications of adding variability to the models of pattern formation

If T assume that all cells, and their behaviour, are equal during pattern formation, then the
resulting pattern of differentiation is uniform and regular (Figure 5-7). The addition of one
element of variability generates models that show noisier patterns of vsx/ divisions that more
closely resemble patterns seen in real data (Figure 5-9 and Figure 5-10). These simple models
of spacing pattern development show how one small change can have knock-on effects that
reach over multiple iterations. Interestingly, adding variation to the spacing of initial progenitors
can result in alterations to the location and timing of subsequent iterations. This suggests that

time and space are interdependent in the formation of this pattern.

In the context of variable initial spacing, assuming that the basal arms provide a signal that
activates the T-shaped transition or inhibits it generated qualitatively different patterns of
divisions in time and space. The patterns generated in these models suggest that ‘new’

progenitors can be specified without the need for two basal arms to meet (Figure 5-10B). There
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are also examples where no ‘new’ progenitor is specified despite the meeting of basal arms from
‘older’ T-shaped cells (Figure 5-10A). Real patterns of differentiation show examples of these
events (Figure 5-11), which strongly suggests that contact from two different T-shaped cells is
not necessary and is insufficient to induce the next cell to start the T-shaped behaviour, and
therefore, the basal arms are unlikely to be delivering a signal that activates neuronal
differentiation. Instead, these data support the idea that basal arms provide an inhibitory signal.
Furthermore, this data suggests that there is a minimum time that an undifferentiated cell in the
neuroepithelium must be free from basal arm-derived inhibition before it is able to start the T-

shaped behaviour itself.

Currently these models assume that the cells in the intervening space between T-shaped cells
are equivalent (equally competent to differentiate). However, we know that neuronal fate choice
is heavily biased during asymmetric division of apical progenitors in zebrafish (Alexandre et al.
2010; Kressmann et al. 2015). Therefore, basal arms are unlikely to be regulating neurogenesis
directly, but delaying when the new neuron integrates into the developing circuitry. This would
add in another form of variation, as cells competent to differentiate will be generated
independent of basal arm growth. In this case, we do not know when the nascent neurons are

competent to respond to basal arms after asymmetric division.

182



Figure 5-8: Generating a model of controlled variation in the initial spacing. A uniform field of
initial cells (shown in purple) was generated assuming that average kymographic diamonds showed the
behaviour of cells in space and time and all initial cells are spaced by average initial spacing (observed in
vsx1:GFP movies). The space between two initial cells was then altered to average initial spacing — one
standard deviation (A) or average initial spacing + one standard deviation (B). Red diamonds and lines
show progenitors with altered initial spacing. An orange line connects progenitor divisions belonging to

the same iteration. The location of division is held in time by a black line.

183



Figure 5-8

Assumptions based on observations (for the uniform field of cells; shown in purple):
1) The T-shaped behaviour of initial cells is represented by average kymographic
diamonds.

2) The T-shaped behaviour of first iteration cells is represented by modified
kymographic diamonds.

3) Initial cells are spaced by average observed initial spacing.

Variation (marked by red diamonds and lines):
A) Decreased spacing between two cells to average - 1 standard deviation.
B) Increased spacing between two cells to average + 1 standard deviation.
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Figure 5-9: Variations in the initial spacing pattern can impact pattern formation over time,
assuming basal arms provide an activating signal. Patterns of differentiation over time were generated
using the models of controlled variation in initial spacing from Figure 5-8. First and second iteration cells
are represented by modified kymographic diamonds to show the predicted 1 hr lag between the onset of
differentiation and the extension of basal arms. The behaviour of first iteration cells affected by the
altered patterning of initial cells was determined by the assumption that basal arms deliver a signal that
activates the T-shaped transition. In both A and B, alterations to the spacing of initial progenitors results
in changes to the location of first and second iteration cells in space and time. Affected cells in the first
and second iteration are shown by * and **, respectively. Red diamonds and lines show progenitors with
altered initial spacing and black diamonds show cells affected by this change. An orange line connects
progenitor divisions belonging to the same iteration. The location of division is held in time by a black

line.
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Figure 5-9

Assumptions based on observations (for the uniform field of cells; shown in purple):
1) The T-shaped behaviour of initial cells is represented by average kymographic
diamonds.

2) The T-shaped behaviour of first iteration cells is represented by modified
kymographic diamonds.

3) Initial cells are spaced by average observed initial spacing.

Variation (marked by red diamonds and lines):
A) Decreased spacing between two cells to average - 1 standard deviation.
B) Increased spacing between two cells to average + 1 standard deviation.

Assumption to test: Basal arms deliver an activating signal.
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Figure 5-10: Variations in the initial spacing patterns can impact pattern formation over time,
assuming that basal arms provide an inhibitory signal. Patterns of differentiation over time were
generated using the models of controlled variation in initial spacing from Figure 5-8. First and second
iteration cells are represented by modified kymographic diamonds to show the predicted 1 hr lag between
the onset of differentiation and the extension of basal arms. The behaviour of first iteration cells affected
by the altered initial cells was determined by the assumption that basal arms deliver a signal that inhibits
cells from entering the T-shaped transition. A) Narrowing the space between two initial cells can result in
the loss of a progenitor from the pattern and B) expanding the spacing between initial cells might add
progenitors to the pattern. Affected cells in the first and second iteration are shown by * and **,
respectively. Red diamonds and lines show progenitors with altered initial spacing and black diamonds
show cells affected by this change. An orange line connects progenitor divisions belonging to the same

iteration. The location of division is held in time by a black line.
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Figure 5-10

Assumptions based on observations (for the uniform field of cells; shown in purple):
1) The T-shaped behaviour of initial cells is represented by average kymographic
diamonds.

2) The T-shaped behaviour of first iteration cells is represented by modified
kymographic diamonds.

3) Initial cells are spaced by average observed initial spacing.

Variation (marked by red diamonds and lines):
A) Decreased spacing between two cells to average - 1 standard deviation.

B) Increased spacing between two cells to average + 1 standard deviation.

Assumption to test: Basal arms deliver an inhibitory signal.
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Figure 5-11: Examples of real pattern diagrams showing loss or addition of progenitors. Example
pattern diagrams of vsx/:GFP progenitor divisions from Figure 4-5. A) In the highlighted region there is
a pair of closely spaced initial progenitors (shown by the red lines) with no first iteration progenitor
between them, as predicted by Figure 5-10A. B) The highlighted region shows a pair of initial
progenitors that are widely spaced (shown by the red lines) and two first iteration progenitors divide with
a small time difference in the space between them (shown by the asterisks), as predicted by Figure
5-10B. In the pattern diagrams, the location of observed vsx/:GFP progenitor divisions in time (y-axis)
and space (x-axis) is represented diagrams by pairs of green circles. The lines from the division, going

through time, represent the position held by the daughter cells after division. Anterior to the left.
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Figure 5-11
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5.3.5 Modelling pattern formation using observed patterns of initial progenitor
divisions in time and space
In the previous section I looked at the effect of altering the spacing between a single pair of
initial cells, in an otherwise uniform field of cells, on pattern formation in time and space.
However, data from time-lapse movies of vsx/:GFP progenitor divisions shows that there is
variation in the spacing of initial cells and the time at which they divide throughout the field. It
is extremely challenging to look meaningfully at the effects of variation on pattern formation in
a whole field using the simple conceptual models I have generated. An alternative approach is
to use actual patterns of initial vsx/:GFP progenitor divisions in time and space (generated in
Chapter 4; see Figure 4-5) and the kymographic diamonds to model the behaviour of T-shaped
cells prior to division to predict the pattern of first iteration divisions in time and space. I
restricted this analysis to differentiation pattern diagrams in which I observed the division of all
the first iteration cells (n = 3 embryos). For these simple models I looked at the effect of
average basal arm diamonds (mean maximum basal arm length; purple diamonds), as well as
representations of long (average + SD maximum basal arm length; blue diamonds) and short

basal arm (average - SD maximum basal arm length; red diamonds).

It is possible to ask two questions using these simple models:
*  When are initial cells likely to begin the T-shaped transition?
* Can we use the principles identified from simple conceptual modelling to predict the

location and time of division of first iteration vsx/:GFP progenitors.

5.3.5.1 When do initial cells begin the T-shaped transition?

Working back from observed initial vsx/:GFP divisions in pattern diagrams, the kymographic
diamonds can be used to estimate when the cell would have begun the T-shaped transition. The
representations of average and shot basal arms indicate that initial cells begin the T-shaped
transition around 15 or 12 hpf, respectively (Figure 5-12A-B). This would place the onset of
differentiation of the initial vsx/-expressing progenitors in the neural keel stages of
development, which is reasonable from the current understanding of the onset of neurogenesis
in the neural tube (Kressmann et al. 2015). However, the representations of the long basal arms
suggest the T-shaped behaviour of initial cells could start as early as 8 hpf (Figure 5-12C).
Since this is prior to neural plate formation this seems extremely unlikely to be correct. A study
of the birthdates of vsx/ cells would be useful to determine whether these predictions match the

biology.
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5.3.5.2 Using principles identified through modelling to predict vsx/ differentiation

events as observed in vsxI:GFP movies

I next used real examples of vsx/ differentiation patterns to test whether the principles established in
previous models and thought experiments could be used predict the pattern of first iteration vsx/ division
events in time and space. First, I predicted the T-shaped transition of initial cells prior to division in
pattern diagrams using different sized kymographic diamonds, as above (Figure 5-12). Next, I placed
modified kymographic diamonds (from Figure 5-7B) representing first iteration cells onto the pattern
diagrams so that the behaviour began when the basal arms of two initial cells meet (Figure 5-13), light
diamonds with dotted outlines represent T-shaped behaviour of first iteration cells). The pattern diagrams
that I used to provide the location of initial cell divisions contain the location and time of vsx/:GFP
divisions that belong to the first iteration of divisions. Therefore, I was able to compare the location and

time of observed vsx/:GFP divisions to those predicted by models using kymographic diamonds.

Based on the comparison of each predicted division with an observed division, I categorised
each prediction as follows (Table 5-2):
- Match: Predicted division is within 1 hr and 20 um of the observed division, i.e. at a
similar time and place.
- Wrong place: Predicted division is more than 20 um away from the observed division.
- Early: Predicted division occurs less than 1 hr before the observed division.
- Late: Predicted division occurs more than 1 hr after the observed division.
- No match: No observed division to compare to predicted division.
- Not predicted: First iteration cells not explained by a predicted division.
- Not tested: In a number of cases the short arm kymographic diamonds superimposed
on observed initial divisions did not meet, which meant that I was unable to use our

current rules to predict the location of the next division.

In the majority of cases, independent of the maximum length of the basal arms, the principles
identified through modelling could accurately predict the location of first iteration divisions
(96/99 predictions were within 20 um of the observed division; Table 5-2). This data strongly
suggests that the point at which the basal arms meet sets the location at which the next division
will take place. However, our current modelling principles were not able to predict the time of
these divisions accurately, instead this model tended to predict that a division would occur later
than an observed division (21/99 predictions occurred 1 hr or more after the observed division;
Table 5-2). There were also a number of observed divisions that were not explained by the

predictions (20/99; Table 5-2).

This comparison supports the principles of our current hypothesis, as the ‘rules’ proposed by the

models are able to reasonably accurately predict real data. However, some further refinement to
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the hypothesis is required to account for aspects of observed data that we have not yet

explained, mostly related to the time of division.
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Figure 5-12: Predicting when initial progenitors begin the T-shaped transition using observed
initial cell spacing and different size kymographic diamonds. Example patterns of initial vsx/:GFP
differentiation events (from Figure 4-5) overlaid with the kymographic diamonds to represent the T-
shaped cell behaviour of initial progenitors prior to division. Orange diamonds shows short basal arm
behaviour (A), purple diamonds show average basal arm behaviour (B), and blue diamonds show long
basal arm behaviour (C). Vsx/:GFP progenitor divisions in development time (hpf, y-axis) and space (x-
axis) are represented in these pattern diagrams by pairs of green circles. Anterior is to the left. The black
lines from the division, going through time, represent the position held by the daughter cells after

division.
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Figure 5-12

Assumptions based on observations:

1) Initial cell divisions are located in the positions in time and space observed in
vsx1:GFP movies.

2) The T-shaped behaviour of initial cells can be predicted by different sized
kymographic diamond shapes.
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Outcomes:

- If initial T-shaped cells have short or average basal arms then they most likely
begin the behaviour between 11 and 15 hpf.

- If the initial cells have long basal arms, they need to begin the behaviour
around 8 hpf.




Figure 5-13: Predicting the location of first iteration divisions using observed patterns of initial
progenitor divisions and different sized kymographic diamonds. Example pattern diagrams of
vsx1:GFP differentiation, showing initial and first iteration divisions, overlaid with kymographic
diamonds to estimate the T-shaped cell behaviour of initial progenitors prior to division (darker coloured
diamonds; from Figure 5-12). Vsx/:GFP progenitor divisions in time (y-axis) and space (x-axis) are
represented in these pattern diagrams by pairs of green circles. Anterior is to the left. The black lines from
the division, going through time, represent the position held by the daughter cells after division. Lighter
kymographic diamonds with dashed outlines, modified to show the 1 hr lag before the beginning of arm
extension, were added to represent the behaviour of first iteration progenitors. Orange diamonds show
short arm behaviour (A), purple diamonds show average arm behaviour (B) and blue diamonds show long

arm behaviour (C).

Table 5-2: Comparing predicted divisions to observed divisions. Predicted divisions were categorised
based on how accurately they predicted observed divisions. The numbers in brackets refer to the
percentage of all cells analysed in each category. Match: Predicted division is within 1 hr and 20 um of
the observed division, i.e. at a similar time and place. Wrong place: Predicted division is more than 20
um away from the observed division. Early: Predicted division occurs more than 1 hr before the observed
division. Late: Predicted division occurs more than 1 hr after the observed division. No match: Predicted
division that had no obvious observed division to compare to. Not predicted: Presumed first iteration cells
that were not explained by a predicted division. Not tested: In a number of cases the short basal arm
kymographic diamonds superimposed on observed initial distances did not meet, which meant that I was

unable to use our current rules to predict the location of the next division.

Wrong No Not Not
Match Early Late
place match predicted tested
15 1 3 10 1 9
Average arms N/A
(38.46%) (2.56%) | (7.70%) | (25.64%) | (2.56%) (23.08%)
15 1 3 10 1 9
Long arms N/A
(38.46%) (2.56%) (7.70%) | (25.64%) | (2.56%) (23.08%)
11 1 4 1 2 2 18
Short arms
(28.20%) (2.56%) | (10.26%) | (2.56%) | (5.13%) (5.13%) (46.15%)
Outcomes:

* Kymographic diamonds can be used to accurately predict the location of a first iteration

division, from observed patterns of initial cell divisions, independent of the maximum

basal arm length.

* This method is less accurate when predicting the time of the first iteration division.
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Figure 5-13
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5.4 Discussion

The Clarke and Alexandre labs have developed a hypothesis of how the spaced pattern of
vsx1:GFP progenitor differentiation might be generated. The hypothesis is based on published
studies looking at sensory organ precursor (SOP) development in the Drosophila notum (Cohen
et al. 2010; De Joussineau et al. 2003) as well as the observation of the T-shaped morphological
transition in the zebrafish spinal cord (P. Alexandre and J. Clarke, unpublished; Figure 4-2). We
propose that the basal arms of T-shaped cells provide Delta Notch-mediated long distance
lateral inhibition to regulate the differentiation of neural cells (Figure 4-3). The work presented
in this chapter aimed to test and refine our hypothesis regarding how the basal arms of
differentiating cells might pattern differentiating neurons through time and space. I used
previously obtained quantitative data on the T-shaped morphological transition (Paula
Alexandre, unpublished) to model the spatiotemporal dynamics of this behaviour. The resulting
kymographic diamond shapes are a reasonably accurate representation of the basal arm
behaviour observed in non-apical progenitors. I then combined this with the data generated in
Chapter 4 regarding the spatiotemporal dynamics of vsx/:GFP differentiation to model the
potential interaction of multiple T-shaped cells in time and space to generate a pattern of
differentiation. These models showed that new cells are likely to begin the T-shaped
morphological transition around 1 hr after the basal arms of the previous iteration meet. By
applying these modelling principles to real data we can accurately predict the location, but not

the time, of observed divisions.

5.4.1 Activating versus inhibiting patterning signal

An outcome of the modelling shown in this chapter is that the point at which basal arms meet is
correlated with the location of the next progenitor division. The simplest way to interpret this
finding is that contact from two basal arms provides an activating signal to a cell, inducing it to
begin the T-shaped morphological transition and differentiate. However, modelling the effect of
variable initial progenitor spacing and comparing this to real data I have shown that the meeting
of two basal arms is not necessary and is insufficient to induce the next cell to start the T-shaped
behaviour. These observations strongly suggest that the basal arms do not induce or activate the
T-shaped transition. Furthermore, if the contact from two basal arms did activate the T-shaped
transition, from the degree of overlap between the basal arms of adjacent T-shaped cells
observed in time-lapse movies and predicted by models we would expect more than one cell to
differentiate in the space between initial cells, which we rarely see in the real patterns of vsx/
differentiation. This might be explained by a conventional lateral inhibition signal, originating
from the nascent neuron and acting on adjacent cells to limit the number of differentiation

events. However, as the basal arms overlap across distances corresponding to multiple cell
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diameters, if the basal arms were activating the T-shaped transition I would still expect to see

vsx1:GFP progenitors differentiating closer together in time and space.

On the other hand, there is a wealth of theoretical and experimental data regarding how
inhibitory signals can generate sparse patterns of differentiation. In 1952, Alan Turing proposed
the reaction diffusion (RD) model to explain how pattern formation might occur through the
interaction (reaction) of two substances: an activator and an inhibitor (Turing, 1952). In his
mathematical model, Turing proposed that these two reacting substances could generate a
variety of stable patterns from near uniform distributions of each component, if: 1) the reacting
substances could control their own synthesis and that of their counterparts and 2) the substances
are able to diffuse quickly through the space. As our understanding of molecular biology has
deepened in the intervening decades, the definition of ‘activator’ and ‘inhibitor’ substances has
been broadened to include single molecules, interacting molecular complexes or signalling
pathways (Meinhardt & Gierer 2000). This idea has been refined in work by Gierer and
Meinhardt, among others, who have demonstrated that this RD pattern formation requires one
class of substances that are capable of short-range positive feedback and a second class of
substances that are capable of long-range negative feedback (Meinhardt & Gierer 2000; Figure
5-14A). If the activating signal were to exist on its own it would cause an ‘autocatalytic’
explosion and differentiation throughout the tissue (Meinhardt & Gierer 2000). The inhibitory
signals are important to stop this from occurring and instead they allow single, self-sustaining
activation events to occur in a field of inhibition. Furthermore, experimental and modelling data
has shown that diffusion is not necessary for the long distance inhibitory signal. In the
differentiation of Drosophila SOPs Delta drives the growth of membrane extensions and these
filopodia actively deliver the inhibitory signal over long distances (De Joussineau et al. 2003;
Cohen et al. 2010). An RD model composed of short-range positive feedback and concurrent
long-range negative feedback is now considered to be a common feature of differentiation and
can be applied to multiple signal pathways (including Delta Notch Figure 5-14B) and a number
of biological patterns (reviewed in Kondo & Miura 2010 and Meinhardt & Gierer 2000).

Therefore, I think that, if basal arms are patterning vsx/:GFP progenitor divisions in time and
space they are most likely to be providing an inhibitory signal and I shall focus on this

mechanism in the rest of the discussion.

5.4.2 Basal arms delay the T-shaped transition of differentiating neurons
The models and thought experiments in this chapter predict that there will be a time lag of at
least 1 hr between the point at which the basal arms of the previous iteration meet and the

beginning of the T-shaped morphological transition in the next iteration. The models also
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suggest that once a cell has begun the T-shaped morphological transition, basal arms from
surrounding cells can no longer inhibit this fate choice. Our current hypothesis cannot explain
these phenomena (Figure 4-3). If the basal arms are providing an inhibitory signal to
surrounding cells, then new cells must be selected to differentiate before the basal arms of
previous cells meet, through a mechanism independent of the basal arms. From previous studies
of neurogenesis in the zebrafish neural tube we know that cells are biased to differentiate during
the asymmetric division of apical progenitors (Alexandre et al. 2010; Kressmann et al. 2015).
With this in mind, it is likely that basal arms of T-shaped differentiating cells are not selecting
cells from the neuroepithelium to differentiate, instead they are selecting a few cells, spread in
time and space, to proceed through the neuronal differentiation pathway while delaying the rest
of the competent tissue. From these findings, I have updated our hypothesis of how T-shaped

cells might spread differentiation out in time and space (Figure 5-15).

Other studies of neurogenesis in the Clarke and Alexandre labs have shown that the extension
of basal arms is not the first morphological change to occur after an asymmetric division
generates a daughter committed neuronal differentiation (Alexandre, unpublished); the cell must
first translocate its soma to the basal side of the tissue. We have observed that these cells exhibit
variable lengths of time to complete the somal translocation and to begin the T-shaped
behaviour (P. Alexandre, unpublished; Figure 5-16). The time taken to complete this behaviour
might account for the 1 hr long time lag between the basal arms of one iteration meeting and the
start of the T-shaped transition in the next iteration. Our data suggests there is a point in the
differentiation process after which committed nascent neurons and non-apical progenitors are
insensitive to basal arm-derived signals, resulting in the over lap of basal arms of T-shaped cells
from subsequent iterations that we have observed in time-lapse movies (P. Alexandre,
unpublished) and in these models. When modelling the effect of variable initial spacing on the
final pattern I also found evidence for a minimum time that a neuroepithelial cell must be free
of basal arm-derived inhibitory signals before it can begin the T-shaped morphological
transition. Together this suggests that committed neurons and non-apical progenitors go through
a transient phase during which their progression along the differentiation pathway can be
delayed. We do not fully understand how the competency of the signal-receiving cell might
change over time and development and how this affects the role of the basal arms. This is

potentially a very interesting area of research to pursue.

In the absence of a method to visualise this whole process through time and space, a
computation model is the best way to test the potential role of basal arms in generating the
spatiotemporal pattern of vsx/:GFP differentiation. As we do not know the exact molecular

basis of this patterning signal, generic equations describing a Turing-like RD could be used to
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model our system. Building a computational model that includes all of our quantitative data
could generate a data set that can be statistically compared to the quantified spatiotemporal

dynamics of vsx/ progenitors.
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Figure 5-14: Overview of the reaction diffusion model of pattern formation. The formation of a
number of biological patterns can be explained by the interaction of an activator and inhibitor, as first
theorised by Turing in 1952. A) Schematic of the reaction diffusion model. The activator molecule/signal
pathway (green square) must act over a short range, be capable of autocatalysis (blue arrow) and induce a
long-range inhibitor molecule/pathway (red oval). The interaction between these two molecules/pathways
can lead to a variety of stable patterns of cell differentiation states (adapted from Meinhardt & Gierer
2000). B) Core elements of the Delta Notch pathway and how they relate to the reaction diffusion model.
Proneural basic helix-loop-helix (bHLH) genes are activators of neuronal differentiation. These molecules
also activate the expression of Delta, which then activates Notch signalling in neighbouring cells to
inhibit neural differentiation. Active and inactive elements of the pathway are shown in black and grey,
respectively. Green shows components of the ‘activator’ pathway and components of the ‘inhibitor’

pathway are shown in red. The blue arrow signifies autocatalysis. Adapted from Chen et al. 2014.

202



Figure 5-14
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Figure 5-15: T-shaped nascent neuronal cells act to pattern differentiation of neurons along the
anteroposterior axis. A) Differentiating neurons (brown cells) extend basal arms along the basal surface
of the neural tube, while maintaining contact with the apical surface, taking on a T-shaped morphology
(B). These membrane extensions allow cells to deliver inhibitory signals to cells at a distance from the
differentiating cell’s soma inhibiting neighbouring cells from differentiating. Blue arrows denote the
direction of the inhibitory signal (i.e. from the basal arms to the neighbouring cells). The cells furthest
away from other T-shaped cells as they extend their arms are free from inhibition for the longest period of
time and can be selected to start the process themselves (yellow cell). C) While the new T-shaped cell
extend their basal arms, the old cells begin to retract their basal arms and detach from the apical surface.
D) The older progenitor then rounds up and (E) divides (F) while the new T-shaped cell continues T-
shaped transition, itself now inhibiting other cells in the neural tube. The basal surface is shown by a solid
line and apical surface by a dashed line. Green arrows show the direction of basal arm movement. Blue

arrows show the direction of the signal.
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Figure 5-15




Figure 5-16: The morphological changes that occur during neurogenesis. (1) Neuroepithelial cells
(2) undergo asymmetric divisions where the daughter that inherits the apical domain (red region) is
committed to become a neuron. This cell maintains contact with the apical surface while its cell soma
translocates to the basal aspect of the neural tube (3). Nascent neurons then undergo a stereotyped
behaviour, first extending process along the basal surface (basal arms; 4) to take on a T-shaped
morphology (5). The cell then retracts its basal arms (6) and detaches from the apical surface (7) before
rounding up and extending an axon (8 and 9 in A) or undergoing a terminal differentiating division (8 and
9 in B). P = daughter biased to remain a progenitor. N = daughter biased to differentiate as a neuron. ? =

fate choice unknown.
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5.4.3 Variability in the T-shaped morphological transition generates noise in
the pattern of vsx1:GFP progenitor differentiation
The patterns of differentiation generated in the models that assume invariant T-shaped
behaviour and initial progenitor spacing were regular, depicting that all progenitors in a given
iteration divide at the same time and with a consistent periodicity. In these models, a new
iteration progenitor will divide exactly in the middle of the space between progenitors from
the previous iteration. This resembles what I observed in real vsx/:GFP movies (see section
4.4.2.1). However, if the models reliably maintain the invariant conditions through the
iterations they predict that divisions will occur in alternating, discreet locations resulting in
clusters at these points (Figure 5-4). However, this is not seen in the vsx/:GFP population

(Figure 4-5) where iterations of divisions occur in a manner that fills the entire space.

In contrast to the uniformity assumed by this version of the model, we have observed that
both the T-shaped cell behaviour and the vsx/:GFP differentiation pattern are both variable.
Adding variation to the initial spacing of progenitors to thought experiments had knock-on
effects on the location and timing of predicted divisions throughout pattern development,
adding noise to the predicted patterns. This suggests that space and time are interlinked in
this patterning process. The pattern diagrams generated after introducing one form of
variation also more closely resemble pattern diagrams of vsx/:GFP differentiation events.
This suggests that variation in the T-shaped morphological transition during pattern
development is important to limit clustering of vsx/:GFP progenitors over time. To support
this idea, in the zebrafish telencephalon differentiating neurons do not go through the T-
shaped morphological transition and in this region neurons do tend to cluster in the marginal

zone (P. Alexandre, unpublished observations).

In summary, these findings suggest that variation in the patterning signal (i.e. T-shaped
transition) are important to generate a self-organising, space-filling pattern, like that observed

in patterning of vsx/:GFP differentiation.

5.4.3.1 Types of variation not addressed in the models

In the previous section I discussed the role and importance of variation in the development of
this self-organising pattern. However, I have only modelled the effect of one form of
variation on the resulting pattern. /n vivo there are may more sources of variation, affecting
more than two cells in the field, so its easy to imagine how this adds up to result in a noisy
field of differentiating progenitors. Other sources of variation in the patterning signal that are

important to keep in mind are discussed below.
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First, observations of T-shaped cells suggest that the dynamics of basal arms might not be
maintained through multiple iterations. P. Alexandre has reported that T-shaped cells which
begin the behaviour later in neurogenesis display shorter arm lengths and shorter time to

complete the behaviour. These observations need to be more thoroughly investigated.

Second, the current representation of the T-shaped morphological transition assumes both
basal arms on a single T-shaped cell behave symmetrically, in terms of speed of growth and
retraction as well as their maximum length. This is not what we see, but the asymmetry of

basal arms on a single T-shaped cell is hard to add to this simple model.

Third, the T-shaped cells we have observed also do not grow or retract their basal arms at a
constant speed or direction, often showing short periods of retraction doing the growth stage,
or vice versa. These observations suggest that basal arm growth and retraction are not entirely
cell autonomous processes and might indicate that the growth or retraction of basal arms
might be influenced by signals within the tissue. The models generated in this chapter predict
a high degree of overlap between the basal arms of adjacent T-shaped cells. This matches
what P. Alexandre has observed in time-lapse movies of mosaically labelled cells in
proximity to each other (unpublished observations). The models also predict that the basal
arms of one T-shaped cell might reach the soma of the adjacent T-shaped cells. These
observations, as well as the variability in the T-shaped morphological transition outlined
above, hint at the potential that some sort of interaction occurs between the basal arms of
early and later differentiating cells. If such an interaction were to occur, one could imagine
that the wobbly path of basal arm growth and retraction seen in individual T-shaped cell
behaviours and high levels of variation between different T-shaped cells might be a result of

signalling between the basal arms of adjacent cells (Figure 5-3).

Therefore, the variation we observe in the pattern formation and the T-shaped morphological
transition might indicate that the pattern of vsx/:GFP progenitor differentiation we have
characterised might develop due to a responsive, malleable mechanism that allows cells to

generate a self-organising pattern.

5.4.4 How is initial spacing established?

The data presented so far supports our hypothesis that T-shaped cells establish a long
distance pattern of differentiation along the anteroposterior axis through time. In our current
long distance patterning hypothesis we have assumed that initial cells are periodically

selected from a field of neuroepithelial cells in a long distance pattern along the
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anteroposterior axis at approximately the same time. In fact, we see a bias for more rostral
progenitors to divide earlier than those located caudally. It is not immediately obvious how

basal arms might establish the initial spaced pattern of vsx/ neurons.

The reaction diffusion (RD) model of pattern formation states that patterns (termed Turing
patterns) can be generated from uniform distributions of patterning molecules (reviewed in
Meinhardt & Gierer 2000 and Kondo & Miura 2010), and has been shown for Delta Notch-
mediated pattern formation (Cohen et al. 2013; Chen et al. 2014; see section 5.4.1 for full
discussion of the RD model). Therefore, if long-range Delta Notch signalling, or a similar
inhibitory signal, determines the vsx/ differentiation pattern then it is possible that this
system could spontaneously form a long-distance pattern of differentiation. This is best

explored in a mathematical model.

It is possible that other signalling pathways distinct from the basal arms can either influence
or determine the initial pattern of vsx/ progenitors. As the initial progenitor pattern appears
repeated or segmental, an overt segmentation signal would be an obvious mechanism to
generate this pattern. However, the spinal cord itself lacks any overt segmentation, appearing
uniform along the rostrocaudal axis (unlike the hindbrain, which is known to have both
phenotypic bulges and segment-specific gene expression). We have shown the initial pattern
of vsx/ progenitors is independent of somite-derived signals, suggesting that the only overtly
segmented structures in the tail, which lie adjacent to the spinal cord, are not involved in
spacing vsx/ neurons. An alternative explanation involves the elongating neural tube and the
mechanism that generates the segmented somites. As the rostrocaudal axis of the embryo
elongates, the neural tube forms as the somites are specified. Oscillation of Delta Notch
target genes are known to pattern the presomitic mesoderm to form the somites (Soroldoni et
al. 2014). As this tissue lies adjacent to the presumptive neural tube it is possible that the
neural primordium is also affected by these oscillations but we do not know if this plays a
role in initial vsx/ patterning. However, as the oscillations are large-scale signals they are

unlikely to generate fine grain patterns like initial vsx/ progenitor patterning.

Another tissue that might segment or pattern the otherwise uniform spinal cord is the
notochord. While this tissue does not show any obvious segmentation (like the overlying
spinal cord neural tissue), there is growing evidence that signals from the notochord can
influence patterning, segmentation and development of vertebrae along the rostrocaudal axis
in teleosts (reviewed in Fleming et al. 2015). It is possible that the notochord will provide

patterning signals to generate the initial spacing pattern observed in vsx/:GFP progenitors.
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In summary, the pattern of initial vsx/:GFP progenitors might be established via a Turing
patterning mechanism, where basal arms provide the long distance inhibitory signal.
Furthermore, there are a number of other tissues and patterning signals that are known or
suspected to be involved in patterning and segmenting the spinal cord. It is feasible that any
of these patterning signals, or others not yet identified, might initiate the pattern of vsx/

progenitor patterns.

5.4.5 Summary

The modelling presented in this chapter support the hypothesis that basal arms deliver long
distance lateral inhibition to pattern differentiation in space and time. Taken together, the
outcome of these models and thought experiments have generated a set of rules which
reasonably accurately represent what occurs in vivo. Further refinement to the hypothesis or
to our understanding of this process is required to account for the aspects of observed data
that we have not yet explained. The majority of the remaining questions will be best

answered using a computational model of this patterning process.
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CHAPTER 6
INVESTIGATING THE REGULATION OF NON-APICAL
PROGENITORS DURING ZEBRAFISH NEUROGENESIS.
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6 Investigating the regulation of non-apical progenitors

during zebrafish neurogenesis.

6.1 Introduction

Many studies have focused on the cellular and molecular mechanisms that are involved in
regulating neurogenesis and progenitor maintenance in the developing brain (for example: Doe
2008; Miyata et al. 2010; Schmidt et al. 2013; and reviewed in Gotz & Huttner 2005). Non-
apical progenitors are often described as an intermediate between apical progenitor and
differentiating neuron, as they have limited proliferative potential (Gotz & Huttner 2005).
However, the molecular and cellular processes involved in the production of non-apical
progenitors are not well understood. Zebrafish embryos provide an excellent system in which to
study the mechanisms controlling the production of non-apical progenitors as are amenable to
live imaging at the single cell and subcellular level and genetic manipulation (Lyons et al. 2003;

Alexandre et al. 2010; Kressmann et al. 2015).

My data, and previous work in the Clarke and Alexandre labs, have shown that non-apical
progenitors share some characteristics with neurons in the embryonic zebrafish neural tube,
including: the expression of the marker HuC/D (which is mostly commonly expressed in
neurons (Kim et al. 1996); see Chapter 3); basal location of the soma; lack of contact to the
apical surface at mitosis; and the T-shaped morphological transition prior to morphological
differentiation (see section 4.1.3.1; unpublished observations, manuscript in preparation). As
non-apical progenitors share some characteristics with neurons, here I investigate whether they
also share common regulatory mechanisms. Specifically, I look at the effect of inhibiting
expression of aPKCA by injection of an anti-sense oligo morpholino, which reduced
neurogenesis in zebrafish spinal cord (Alexandre et al. 2010), and overexpression of DN-Su(H),
a Notch pathway inhibitor, which is known to promote neurogenesis (Wettstein et al. 1997;

Chapouton et al. 2010).

6.1.1 Loss of apical domain proteins leads to the loss of neurogenic divisions

Neuroepithelial cells are a polarised cell type, with a specialised apical domain composed of
adherens junctions. This domain contains Pard3, Pard6 and aPKC, which form part of an
evolutionarily conserved complex of proteins (Wodarz, 2002). Unlike the majority of vertebrate
systems, the zebrafish neural tube is not polarised at neural plate stages (Geldmacher-Voss et al.
2003; Buckley et al. 2013). However, neurons are produced before the apical domain has been
established. As zebrafish neurulation continues, apicobasal polarity is established in late neural

rod stages (Tawk et al. 2007; Buckley et al. 2013). Following the formation of the apical
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domain and neural tube, during asymmetric divisions of apical progenitors the daughter cell that
inherits this apical domain, and therefore apically localised proteins, is biased to differentiate as
a neuron (Alexandre et al. 2010). Loss of aPKCA or Pard3 by injection of an anti-sense oligo
morpholino (morpholino) results in a loss of asymmetric neurogenic divisions, in favour of
symmetric proliferative divisions, during the main stages of neurogenesis (20—40 hpf)
(Alexandre et al. 2010). In contrast, the heart and soul (has) mutation of aPKCA (also known as
aPKCiota (i) or prkCi; Horne-Badovinac et al. 2001), which causes a loss of aPKCA protein
from 48 hpf, results in increased apical divisions, depletion of the progenitor pool and an
increased production of oligodendrocyte precursor cells (OPCs; Roberts & Appel 2009). These
data suggest that protein components of the apical domain have different functions depending of
the developmental time: they are involved in promoting neurogenesis during neurogenic stages
and maintaining precursor cells around the onset of gliogenesis. However, the role of aPKCA\ in

the regulation of non-apical progenitors during neurogenesis is unknown.

6.1.2 Overexpression of neurogenic genes increases neuronal differentiation

The negative regulation of neuronal differentiation by Notch signalling (lateral inhibition; see
section 1.3.1 for a full discussion) requires cleaved Notch intracellular domain (NICD) to
interact with DNA binding protein suppressor of hairless (Su(H); CBF1/RBPjk in mammals) to
activate the expression of the enhancer of split complex (E(Spl)-C) in Drosophila and the hairy
and enhancer of split (HES) and HES-related (HER) family genes in vertebrates (Figure 6-1A).
The E(SPL)-C and HESR/HER genes inhibit differentiation through repression of the
transcription of basic helix-loop-helix (bHLH) proneural genes, including genes belonging to
the achaete scute, neurogenin and atonal families (Campos-Ortega & Jan 1991; Figure 6-1A).
Manipulating the pathways downstream of activated Notch signalling has been used to increase
the incidence of differentiation in mosaically labelled cells the chick neural tube by the
electroporation of the proneural gene Neurog2 (Das & Storey 2014) or the overexpression of
neurogenin in zebrafish (Kim et al. 1997). For the same purpose, the Clarke lab has been
looking at the effect of overexpressing genes associated with promoting neurogenesis on the
fate of mosaically injected neuroepithelial cells in zebrafish embryos. Previous work has shown
that expression of a mutant form of suppressor of hairless with impaired DNA binding
(dominant negative suppressor of hairless; DN-Su(H)) drives injected neuroepithelial cells to
differentiate in the zebrafish (Wettstein et al. 1997; Chapouton et al. 2010; Figure 6-1B). The
effect of overexpressing these genes on the genesis of non-apical progenitors is currently

unknown.
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6.1.3 Aim of chapter

In this chapter I look at the effect of manipulating the expression of genes that we know play a
role in regulating the production of neurons on the population of non-apical progenitors in the
zebrafish neural tube. Specifically, I analysed the effect of apical proteins (i.e. aPKCA) and
Notch signalling (i.e. DN-Su(H)) on the non-apical progenitor population, using vsx/:GFP as a

marker of this population.
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Figure 6-1: DN-Su(H) leads to insensitivity to Notch signalling. A) During lateral inhibition,
interaction between Delta on one cell and Notch on another results in the cleavage of the notch
intracellular domain (NICD) within the signal-receiving cell. NICD activates transcription of Hes/Her
proteins by forming a complex with suppressor of hairless (Su(H)) and Mastermind (Mam) that binds to
transcriptional enhancers of target genes. The result of activated Notch signalling is inhibited expression
of proneural bHLH transcription factors, maintaining the cell in a progenitor state. B) The effect of a
DNA-binding mutant of Su(H) on the Notch signalling pathway. DN-Su(H) binds to NICD, but is unable
to activate Hes/Her protein transcription, making the cell insensitive to activated Notch signalling and

driving it to differentiate.
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Figure 6-1
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6.2

Materials and Methods

6.2.1 Morpholinos and mRNA constructs

The following anti-sense oligo morpholinos and mRNAs were injected, at the relevant stage, as

described in the General Materials and Methods.

Table 6-1: Anti-sense oligo morpholinos.Injected at the one cell stage.

Gene Target | Referred to as: Sequence Source Amount injected Reference
5’TGTCCCGCA
aPKCA 1 nl of 0.5 mM
aPKCh GCGTGGGCAT | Gene Tools Cui et al. 2007
morpholino stock
TATGGA 3’
5’CCTCTTACCT
Standard Control Equivalent
CAGTTACAATT | Gene Tools
control morpholino concentrations.
TATA 3’
Table 6-2: mRNA constructs.
Referred to | Stage Amount
Construct Source Reference
as: used injected
Dominant negative 8-32 | Dr Bally Cuif, I nlof 0.1 (Wettstein et al. 1997,
DN-Su(H)
suppressor of hairless cell | CNRS, France pg/pl Chapouton et al. 2010)
GFP-CAAX (from Membrane - | 8-32 (Alexandre et 0.25-0.5nl
(Alexandre et al. 2010)
human) GFP cell al. 2010) of 0.1 pg/pl
mCherry-CAAX (from | Membrane - | 8-32 (Alexandre et 0.25-0.5nl
(Alexandre et al. 2010)
human) RFP cell al. 2010) of 0.1 pg/pl
Histone H,B (H;b)- 8-32 (Alexandre et 0.25-0.5 nl
Nuclear-RPF (Alexandre et al. 2010)
RFP (from human) cell al. 2010) of 0.1 pg/pl

mRNA was synthesised as described in the General Materials and Methods

6.2.2 Immunohistochemistry

Primary antibodies, secondary antibodies and counterstains used in this chapter for wholemount

immunohistochemistry are listed in General Materials and Methods.

6.2.3 Analysis

Analysis in the hindbrain was carried out on a 150 pm length of the tissue, starting from the

posterior end of the otic vesicles (see Figure 6-2A). The number of vsx/:GFP-expressing cells

and the number of mitotic cells (marked by PH3 expression) was counted and their location

relative to the apical surface was recorded. When quantifying cell fate in the spinal cord, I

looked at a 150 um length of tissue and 35 um dorsoventral sections, capturing the whole of the
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vsxI:GFP expression domain. The number of injected cells as well as whether or not they

expressed HuC/D and vsx/:GFP was quantified.

To measure the level of neurogenesis at 20 hpf the number of HuC/D expressing cells was
counted. At 36 hpf the tissue size and neurogenesis was estimated by measuring the volume of
Sytox or of HuC/D immunoreactivity, respectively, using the ‘Surfaces’ function in IMARIS®.
This function uses the intensity of a specific fluorescent signal in a Z-stack to generate a surface
around a specific object within the image (i.e. the tissue marked by Sytox nuclear counterstain
or the mantle zone labelled with HuC/D). The threshold of intensity that was measured was

manually selected to ensure that the entire volume of the signal was incorporated into surface.
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6.3 Results

The molecular mechanisms that are involved in regulating non-apical progenitor production are
currently unknown. Non-apical progenitors in the zebrafish neural tube, the majority of which
express vsx/ and are labelled in the Tg(vsx/:GFP) reporter line, appear to share a number of
morphological and molecular characteristics with differentiating neurons. In this chapter I
looked at the effects of manipulating genes that are known to impact neurogenesis (i.e. aPKCA

and DN-Su(H)) on the non-apical progenitor population.

6.3.1 aPKCx knockdown results in ectopic non-apical divisions

The zebrafish heart-and-soul (has) mutation results in a loss of aPKCA at the apical surface
from 48 hpf and is known to disrupt apical polarity and adherens junctions in the spinal cord at
72 hpf (Roberts & Appel 2009). As neurogenesis largely takes place before 48 hpf (see Chapter
3), this mutant zebrafish line cannot be used to study the affect of the loss of aPKCA on the
production of neurons. In contrast, the aPKCA morpholino can be injected at the one cell stage
and therefore decrease levels of aPKCA protein from earlier stages. I observed a marked
decrease in aPKC immunoreactivity in aPKCA morpholino-injected embryos at 20 hpf (compare
Figure 6-2B and C), which is still present at 36 hpf (compare Figure 6-2D and E). This
antibody recognises an epitope that is common to aPKCA and aPKC{ (Horne-Badovinac et al.
2001; Cui et al. 2007), so the remaining aPKCA immunoreactivity seen in aPKCA morpholino-
injected embryos is most likely to be aPKC{. In these aPKCA morpholino-injected embryos the
effect on tight junction formation (marked by zona occludens-1; ZO-1) appears to be minimal at
36 hpf (compare Figure 6-2F and G). While the aPKCA-depleted embryos appear to have a
deflated hindbrain ventricle (compare Figure 6-21 to H), the size of the hindbrain tissue is not
significantly different from control morpholino-injected embryos (Figure 6-2J). These data
show that aPKCA morpholino-injection generates a loss of aPKCA protein with minimal
disruption to tight junction formation and epithelial integrity. This provides an opportunity to
investigate the role of aPKCA on non-apical progenitors before and after the apical domain and

neural tube has formed.

6.3.1.1 The effect of the loss of aPKCi protein on pre-neural tube neurogenesis

The function of aPKCA during neurogenesis is only known in the context of the polarised neural
tube, after the apical domain has formed (from approximately 18 hpf), when it is required for
neuronal differentiation (Alexandre et al. 2010). However, the first neurons are generated prior
to apical domain formation in neural plate and neural rod stages. As there is a time lag between
the division of an apical progenitor and the display of fate choice by the daughter cells (by
HuC/D expression in the case of neurons and mitosis in the case of progenitor type daughter

cells), any HuC/D expressing cells or non-apically dividing cells at 20 hpf should have been
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generated prior to neural tube formation. Therefore, I asked what affect (if any) loss of aPKCA
protein has on non-apical progenitors during pre-neural tube neurogenesis in the caudal

hindbrain by examining embryos at this stage shortly after the neural tube has been generated.

I injected Tg(vsx/:GFP) embryos with either a control or an aPKCA morpholino at the one cell
stage and then carried out immunohistochemistry for PH3 and HuC/D on fixed 20hpf embryos.
In control morpholino injected embryos a small number of vsx/:GFP cells are present in the
hindbrain at this stage and PH3-expressing cells are only visible on the apical surface (Figure
6-3A-D). In aPKCA morpholino-injected embryos, again, a small number of vsx/:GFP can be
see (Figure 6-3B) but unlike control embryos, in aPKCA-depleted embryos I observed PH3-
labelled cells at a distance from the apical surface (Figure 6-3E-H) When I quantified the effect
of the morpholino injection on neurogenesis and cell division at 20 hpf, I found no significant
difference in the number of apical divisions between control and aPKCA morpholino-injected
embryos (Cmo: mean = SEM = 52 + 5.04; n = 4 embryos; aPKCAmo: mean £ SEM = 64 + 8.41;
n =5 embryos; Figure 6-31) or the number of vsx/:GFP expressing cells (Cmo: mean = SEM =
19.25 £ 2.25 ; n = 4 embryos; aPKCAmo: mean £ SEM = 16.6 = 1.4; n = 5 embryos; Figure
6-3K). However, aPKCA morpholino-injected embryos showed a small significant increase in
the number of HuC/D expressing cells (Cmo: mean + SEM = 52.5 + 6.58; n = 4 embryos;
aPKCAmo: mean = SEM = 68.4 + 2.48; n = 5 embryos; unpaired t-test, P = 0.0479, t = 2.394,
d.f. = 7; Figure 6-3L-N). These data show that loss of aPKCA\ increases the total number of

HuC/D-expressing neurons but does not affect the number of vsx/:GFP interneurons.

I next examined the location of PH3-positive cells in control and aPKCA morpholino-injected
embryos. Non-apical mitoses were absent in control morpholino-injected embryos (Figure
6-3C, D and J), but the reduction of aPKCA function resulted in a small number of non-apically
dividing cells (mean + SEM = 1.8 £ 0.58; n = 5 embryos; arrow heads in, Figure 6-3G, H and
J). These non-apical divisions were mostly located dorsal to the vsx/:GFP-expressing domain
and did not coexpress vsx/:GFP (n = 4 embryos). Therefore, depletion of aPKCA generates
excess non-apical divisions prior to neural tube formation in the hindbrain and these non-apical
progenitors do not resemble endogenous non-apical progenitors at this stage, as they do not

express vsx1.

6.3.1.2 The effect of the loss of aPKCai protein on post-neural tube neurogenesis

To examine the effect of aPKCA morpholino on neurogenesis after neural tube formation we
examined control and aPKCA morpholino-injected embryos at 36 hpf. Measuring the volume of
HuC/D immunostaining in the caudal hindbrain showed that aPKCA morpholino-injected

embryos have a significant loss of differentiated neurons (compare Figure 6-4A and B; Figure
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6-4C) confirming that the reduction of aPKCA protein inhibits neurogenesis (Alexandre et al.
2010). Concurrently, I observed a significant decrease in the number of vsx/:GFP-expressing
cells in aPKCA morpholino-injected embryos compared to controls (compare Figure 6-4H and
N; Figure 6-4Q). The depletion of aPKCA did not significantly alter the number of non-apical
divisions observed per embryo compared to control morpholino-injected embryos (Figure
6-4R). However, aPKCA morpholino-injected embryos contained a larger proportion of non-
apical divisions that do not express vsx/:GFP (Figure 6-4S). Most of these vsx/:GFP negative
non-apical progenitors are located dorsal to the vsx/:GFP domain (arrow in Figure 6-40). I
have not observed non-apical mitotic cells in a similar dorsoventral location in wild type or
control morpholino-injected embryos (see Chapter 3 and Figure 6-4I, respectively). A large
proportion of the vsx/:GFP-negative non-apical progenitor cells in aPKCA morpholino-injected
embryos express HuC/D indicating that they are likely to be neurogenic divisions (Figure 6-5;
mean + SEM percentage of non-apical PH3+ cells that express HuC/D+ = 83.85% + 6.3; n =6
embryos).

The decreased numbers of neurons and vsx/:GFP cells observed in aPKCA morpholino-injected
embryos of could be explained by a general delay in the development. However, reduced levels
of aPKCA protein did not affect the number of apical PH3-labelled mitotic cells (Figure 6-4P),
nor is the volume of the tissue altered (Figure 6-2C) in the caudal hindbrain at this stage.
Together these data suggest that loss of aPKCA does not induce a significant developmental
delay, nor does it lead to an early depletion of the apical progenitor pool. This suggests that the

effects reported above are due to loss of aPKCA protein specifically.

6.3.1.3 Loss of aPKC). protein generates ectopic non-apical divisions

In summary, depletion of aPKCA results in decreased number of neurons both during and after
neural tube formation, consistent with the idea that apical proteins promote neuronal
differentiation in the zebrafish spinal cord (Alexandre et al. 2010). aPKCA depletion also causes
a decrease in vsx/:GFP-expressing non-apical progenitors at 36 hpf and generates an
unidentified (vsx/:GFP-negative) population of non-apical mitotic cells at both stages
examined. These divisions appear to express a HuC/D suggesting they might be neurogenic

divisions.
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Figure 6-2: Characterisation of the effect of aPKCA morpholino on global growth and expression of
apical domain markers. A) 3D reconstruction of a dorsal view of the hindbrain in a wild type embryo at
36 hpf, counterstained for nuclei (Sytox, blue). The caudal hindbrain, posterior to the OV was analysed
(represented by dashed lines). B-G) Single z-planes from the hindbrains of control and aPKCimo-
injected embryos at 20 hpf (B and C, respectively) and 36 hpf (D, F and E, G, respectively). B-E)
Embryos show immunoreactivity for aPKC (magenta) and counterstained with Sytox (blue). aPKCA
morpholino injection reduces aPKCA immunoreactivity in the hindbrain. F and G) Embryos show
immunoreactivity for ZO-1 (green) and counterstained with Sytox (blue). H and I) 3D reconstruction of a
dorsal view of the hindbrain at 36 hpf of control (H) and aPKCAmo-injected embryos (I). aPKCimo
injection impairs the inflation of the hindbrain ventricle (compare I and H). Scale bar = 25 um. J) The
volume of tissue, measured by the volume of Sytox counterstaining is not significantly different between
control and aPKCA morpholino-injected embryos (Mann-Whitney U =0, n;= 5, n, = 6, p = 0.5281). Cmo

= control morpholino; aPKCAmo = aPKCA morpholino; OV = otic vesicle.
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Figure 6-2
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Figure 6-3: Loss of aPKCA protein results in ectopic non-apical divisions at 20 hpf. A-H) Images of
whole mount vsx/:GFP (green) embryos counterstained for nuclei (Sytox, blue) and cells in M-phase
(anti-PH3, magenta). Single z-slice from a dorsal view or transverse reconstruction of the caudal
hindbrain of control (A-C and D) and aPKCA morpholino (E-G and H)-injected embryos. In aPKC\-
depleted embryos non-apical mitotic cells are only seen in regions dorsal to vsx/:GFP expression (arrow
in H). I) Control and aPKCA morpholino-injected embryos do not have significantly different numbers of
apical PH3+ cells (unpaired t-test, P = 0.2916, t = 1.141, d.f. = 7). J) aPKCAX depleted embryos contain
significantly more non-apical PH3+ cells than control morpholino-injected embryos (N (embryos): Cmo
= 5; aPKCAmo = 6. Unpaired t-test, P = 0.0297, t = 2.722, d.f. = 7). K) There is no significant difference
between the average number of vsx/:GFP cells in control and aPKCA morpholino-injected embryos
(unpaired t-test, P = 0.3306, t = 1.045, d.f. = 7). L. and M) 3D renders showing nuclei (Sytox) and HuC/D
immunoreactivity in the neural tube of Control (L) and aPKCA morpholino-injected embryos (M). N) A
small significant increase in the number of neurons (labelled with HuC/D) is seen in the neural tubes of
aPKCA morpholino-injected embryos compared to control (unpaired t-test, P = 0.0479, t = 2.394, d.f. =
7). Graphs show mean (£ SEM). Cmo = control morpholino, aPKCAmo = aPKCA morpholino. N
(embryos): Cmo = 5, aPKCAmo = 5. Scale bar = 25 um.
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Figure 6-3
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Figure 6-4: Loss of aPKCA protein generates a population of vsxI:GFP-negative non-apical
progenitors at 36 hpf. Dorsal reconstructions of the caudal hindbrains of control (A) and aPKCA (B)
morpholino-injected embryos showing immunoreactivity for HuC/D (white) and nuclear counterstain
(Sytox, blue). C) The volume of HuC/D fluorescence is significantly decreased after aPKCAmo injection
compared to control embryos (Mann-Whitney U = 11, n;= 5, n, = 6, P = 0.0095). D-O) Images of
wholemount vsx/:GFP (green) embryos counterstained for nuclei (Sytox, blue) and showing
immunoreactivity for PH3 (mitotic cells; magenta). Dorsal views (D-F) and transverse reconstructions
(G-I) of control morpholino-injected embryos show non-apical mitoses coexpress vsx/:GFP (arrows in F
and I). These non-apical mitoses are located in ventral regions of the tube (arrow heads in G-I). In dorsal
views of aPKCA-depleted hindbrains (J-L) non-apical mitoses appear adjacent to the vsx/:GFP domain,
but do not express GFP. In transverse reconstructions (M-O) these mitotic cells appear to be located
dorsal to the vsx/:GFP domain. P-R) All graphs show mean + SEM. The number of M-phase cells at the
apical surfaces is not altered by aPKCA morpholino injection (P, Mann-Whitney U T= 11.50, n;= 6, n, =
6, P =0.3312) nor is the number of non-apical mitotic cells (R, Mann-Whitney U =12, n,=6,n, =6, P =
0.0.3723). However, the number of vsx/:GFP cells is significantly reduced in aPKCA compared to control
morpholino-injected embryos (Q, Mann-Whitney U = 0, n;= 6, n, = 6, p = 0.0022). S) The proportion (-
SEM) of non-apical divisions that are vsx/:GFP positive (green bars) and vsx/:GFP negative (white bars)
in aPKCA and control morpholino-injected embryos. aPKCA morpholino injection results in a significant
increase in the proportion of vsx/:GFP negative cells (Fishers exact test p < 0.0001). Cmo = control

morpholino, aPKCAimo = aPKCXA morpholino.
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Figure 6-4
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Figure 6-5: Ectopic non-apical progenitors in aPKCA morpholino-injected embryos express HuC/D.
A-C) Single z-plane of the hindbrain of an aPKCA morpholino-injected embryo, showing
immunoreactivity for PH3 (magenta) and HuC/D (grey). Yellow dotted circle shows an example non-
apical PH3-expressing cell is in the HuC/D+ marginal zone shows HuC/D immunoreactivity in its
cytoplasm. Apical surface is shown by the white dotted line and the basal surface by the white dashed

line. Scale bar = 25 pm.
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6.3.2 Mosaic overexpression of DN-Su(H) alters cell fate

Previous work has used the overexpression of genes inhibited by Notch signalling (Das et al.
2012; Kim et al. 1997) or genes involved in transducing activated Notch signals (Chapouton et
al. 2010) to promote neurogenesis. The role of Notch signalling in the regulation of non-apical
progenitors has not yet been addressed. Here I have examined the effect of the overexpression
of dominant negative suppressor of hairless, DN-Su(H), which has been shown to induce

neuronal differentiation of apical progenitors (Wettstein et al. 1997; Chapouton et al. 2010).

In order to look at the effect of overexpressing DN-Su(H) on (1) the overall level of neuronal
differentiation and (2) the differentiation of the vsx/-expressing neuron population specifically,
I injected vsx1:GFP embryos with DN-Su(H) mRNA at the 8-32 cell stage to generate a mosaic
distribution of cells expressing the injected mRNA. DN-Su(H) mRNA was injected along with
the mRNA encoding nuclear—-RFP to mark the lineage of the injected cells. Embryos injected
with nuclear-RFP only were used as controls. As I am interested in the impact of the
overexpression of DN-Su(H) on non-apical progenitors, I focused my investigation on the vsx/

domain by analysing a 35 pm wide dorsoventral region encompassing vsx/:GFP expression.

6.3.2.1 A small proportion of mosaically labelled cells differentiate as V2
interneurons
When Tg(vsx1:GFP) embryos were mosaically injected at the 8-32 cell stage with nuclear-RFP
only, labelled nuclei in the spinal cord could be seen spread along the apicobasal axis at 28 hpf
(Figure 6-6A). Within the region around vsx/:GFP expression less than a fifth of the injected
cells differentiated as neurons (percentage of injected cells expressing HuC/D + SEM = 15.26
% £ 1.95; n = 6 embryos; Figure 6-6C and I), while 1 in 40 injected cells expressed vsx/:GFP
(3.39% =+ 1.38; Figure 6-6I). It should be noted that all vsx/:GFP cells express HuC/D (Figure
6-6A-D; see Chapter 3). These data show that in wild type embryos mosaic labelling is likely

include only 3% vsx/ cells.

6.3.2.2 DN-Su(H) overexpression increases neuronal differentiation

When embryos are mosaically injected with DN-Su(H), the nuclei of the majority of injected
cells are located on the basal surface of the tube at 28 hpf (illustrated by dashed line; Figure
6-6E and H). In these embryos the percentage of injected cells that express the neuronal marker
HuC/D is increased compared to the injection of nuclear-RFP alone (mean £ SEM = 57.33 % +
4.80; n = 6 embryos; Figure 6-6H and I), as expected. Overexpression of DN-Su(H) also
increased the proportion of injected cells expressing the vsx/:GFP transgene (mean £ SEM =

16.84 % = 3.30; n = 6 embryos; Figure 6-6H and I). In the vsx/ domain, not all DN-Su(H)
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injected cells that expressed HuC/D also expressed vsx/:GFP (asterisks in Figure 6-6H and I)
but all vsx/:GFP cells expressed HuC/D. Taken together these data suggest that driving
differentiation by the overexpression of DN-Su(H) can increase the chance of observing a vsx/

progenitor division.

Next, I wanted to investigate whether DN-Su(H)-overexpressing cells that express vsx/:GFP
behave as normal non-apical progenitors. In zebrafish embryos individual cells can be
mosaically labelled using cell structure markers, allowing their cell behaviour to be monitored
in an otherwise unlabelled embryo (Alexandre et al. 2010; Kressmann et al. 2015). In order to
carry out this experiment, I co-injected membrane-GFP, nuclear-RFP and DN-Su(H) mRNA
into 1 cell of Tg(vsx/:GFP) embryos at the 16-64 cell stage. This allowed me to clearly
visualise the morphology of the injected cells, their behaviour as well as whether or not they
express vsx/:GFP. Due to the low chance of labelling a vsx/-expressing cell by mosaic labelling
(see section (6.3.2.1) I have only observed DN-Su(H)-expressing cells also expressing
vsx1:GFP in one embryo. In this time-lapse movie I observed a cluster of three cells expressing
DN-Su(H) (Supplementary Movie 6-1; labelled cell 1-3 in Figure 6-7). Cell number 2 is
expressing cytoplasmic vsx/:GFP (seen as a yellow nucleus) from the start (Figure 6-7A) and
undergoes division at the basal surface within 20 mins (asterisks in Figure 6-7B). Cell number
1 appears to have a T-shaped morphology, with basal arms extended along the basal surface
(full arrowheads in Figure 6-7), a basal soma and apical attachment (empty arrowheads in
Figure 6-7). The T-shaped cell 1 can then be seen retracting its basal arms and apical process
(Figure 6-7D). This suggests that cells overexpressing DN-Su(H) go through the same
morphological changes that have been characterised for differentiating neurons in wild type
embryos (see Chapter 4). At the end of the movie, cells 1 and 3 are show intense expression of
vsxI:GFP (Figure 6-7). As almost all vsx/:GFP cells divide to generate two interneuron

daughters (98%; Kimura et al. 2008), it is likely that these cells will divide shortly too.

A cluster such as seen in this time-lapse movie is very rare in the normal spacing of vsx/:GFP
cells (see Chapter 3) and suggests that inactivating Notch signalling by overexpression of DN-
Su(H) also affects the normal spacing patterning. This further supports our hypothesis that

spacing is established through the Delta Notch signalling.
Taking data from live imaging and fixed tissue together indicate that cell autonomously

inhibiting Notch signalling by the mosaic overexpression of DN-Su(H) is able to increase the

incidence of cells differentiating as vsx/:GFP non-apical progenitors.
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Figure 6-6: Mosaic overexpression of DN-Su(H) changes the fate of injected cells in the hindbrain.
The fate of spinal cord cells of embryos mosaically injected with Nuclear-RFP alone (A-D) or with DN-
Su(H) mRNA (E-H) was investigated by looking at the expression of vsx/:GFP (green) and HuC/D
(white) by nuclear-RFP labelled cells (magenta). A-D) When nuclear-RFP was injected on its own,
labelled cells are found spread across the apicobasal axis of the tube (A) and a small number of injected
cells coexpressed vsx/:GFP (B) or HuC/D (C). E-H) In embryos mosaically injected with nuclear-RFP
and DN-Su(H), labelled nuclei are only located on the basal surface (E) and a small number of injected
cells coexpressed vsx/:GFP (F), while most injected cells express HuC/D (G). Scale bar = 25 um. I)
Graph showing the proportion of injected cells HuC/D-negative (black) HuC/D-positive vsx/:GFP-
negatiave (white) and HuC/D-positive vsx/:GFP-positive (grey). Stars refer to P values, compared to WT,
of Tukey Multiple Comparisons Test, Two way ANOVA F(2, 60) =221.7, p <0.05.
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Figure 6-7: DN-Su(H) drives differentiation of non-apical progenitors. Stills from a 3D render of a
time-lapse movie of vsx/:GFP embryos with mosaically labelled cells expressing membrane-GFP,
nuclear-RFP and DN-Su(H) (labelled 1-3). Cell 1 initially has a T-shape morphology, with basal soma,
extended basal arms (full arrowheads) and an apical process (empty arrowheads) (A). The cell retracts its
basal arms (full arrowheads) and apical processes (empty arrowheads) (C and D) and begin to express
vsx1:GFP (cytoplasmic) (E). Cell 2 has already rounded up and is expressing cytoplasmic vsx/:GFP from
A and can be seen dividing (asterisks in B and C). Scale bar = 25 pm. Apical surface shown by dotted

line. Basal surface shown by dashed line. Time shown in minutes. N = 1 embryo.

235



Figure 6-7

Basal

Apical

Dorsal view
vsx1:GFP
membrane-GFP
nuclear-RFP



6.4 Discussion

In this chapter I have investigated the role of two pathways known to regulate neurogenesis on

the production of non-apical progenitors in the zebrafish spinal cord.

6.4.1 Non-apical vsx! progenitors share some mechanisms that regulate their
development with neurons
First, I investigated the affect of the loss of the apical protein aPKC on the production of non-
apical progenitors. Previous work has shown that the apical domain, which includes aPKCA, is
inherited by the daughter of an apical progenitor that is biased to neuronal differentiation in the
zebrafish neural tube and that aPKCA is required for neuronal differentiation (Alexandre et al.
2010; Kressmann et al. 2015). In the data presented here, after formation of the apical domain
and neural tube, depletion of aPKCA results in the loss of vsx/:GFP non-apical progenitors
during neurogenesis. Furthermore, I observed that loss of aPKCA generated ectopic non-apical

divisions (i.e. vsxI:GFP-negative) both before and after formation of the apical domain.

Next, I looked at the role of Notch signalling. Lateral inhibition, mediated by Notch signalling,
is a well characterised mechanism of regulating neurogenesis (see section 1.3.1; reviewed in
Louvi & Artavanis-Tsakonas 2006). DN-Su(H) is known to promote neurogenesis cell
autonomously by inhibiting a cell’s ability to transduce Notch signalling (Wettstein et al. 1997;
Chapouton et al. 2010). Here I show that mosaic overexpression of DN-Su(H) in the zebrafish
spinal cord results in an increased proportion of cells differentiating as vsx/:GFP interneurons.
Therefore, the non-apical progenitor population responded in the same way to impair Notch
signalling as neurons populations do, indicating that the Notch pathway regulates the
development of both neurons and non-apical progenitors. Analysing the behaviour DN-Su(H)
overexpressing cells by live imaging showed that DN-Su(H)-overexpressing vsx/:GFP cells
undergo the T-shaped morphological transition and divide basally, as is seen in wild type
embryos. These data show that blocking the Notch signalling pathway is able to drive non-
apical progenitor production, without impairing the morphological changes that we know occur

during neuronal differentiation in wild type embryos.

In summary, the results presented in this chapter show that the production of non-apical
progenitors in the zebrafish spinal cord a) requires aPKCA function and b) is regulated by
activated Notch signals. Both of these regulatory mechanisms are known to act the same way in
neuronal differentiation suggesting that both cell types share aspects of their differentiation
programmes. This is supported by earlier observations that differentiating neurons and non-
apical progenitors share a number of cell biological features (expression of HuC/D; Chapter 3),

basal soma location and T-shaped morphological transition (see section 4.1.3.1, unpublished
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data). From these data, we speculate that non-apical progenitors originate from the daughter of
an asymmetric apical progenitor division biased towards neuronal differentiation in the

zebrafish neural tube.

6.4.2 Effect of reduction of aPKC protein on early and late neurogenesis

Data presented in this chapter show opposing outcomes of depletion of aPKC protein at early
and late stages of zebrafish neurogenesis. Analysis of aPKCi-depleted embryos at 36 hpf,
during mid-late stages of neurogenesis, suggests aPKCA is required for neuronal differentiation,
as has been reported for zebrafish neuroepithelial cells (Alexandre et al. 2010; Kressmann et al.
2015). In contrast, I observed an increase in the number of neurons in produced in early
neurogenesis when aPKCA\ is depleted, implicating aPKCA in promoting the proliferation of

progenitor cells prior to neural tube formation.

Before the formation of a morphologically and molecularly distinct apical domain, the
neuroepithelium resembles a rod of non-polarised cells. At this stage aPKC has been reported to
be expressed weakly and diffusely throughout the tissue (Geldmacher-Voss et al. 2003). It is
possible that at this stage aPKCA has a different role compared to when it is targeted to the
apical cortex. In fact, aPKC has been observed in the nucleus of the non-polar cells in the inner
layer of the Xenopus neural plate as well as cultured, non-polar mammalian cell lines
(Sabherwal et al. 2009). In this context, nuclear aPKC was shown to promote proliferation
(Sabherwal et al. 2009), which could explain the results I obtained on neurogenesis in aPKC
depleted embryos at neural rod stages. However, this published study was based on the
overexpression of constitutively active forms of aPKC and does not examine the effect of loss
of endogenous proteins (Sabherwal et al. 2009). Furthermore, to my knowledge, aPKCA has not
been reported in the nucleus of zebrafish neuroepithelial cells. Nevertheless, this idea that
aPKCMA is a protein with alternate functions in non-polarised and polarised cell types is

interesting in this context and requires further experimental investigation to understand fully.

6.4.3 [Ectopic non-apical divisions are likely an artefact of loss of aPKC

The injection of aPKCA morpholino into Tg(vsx/:GFP) embryos results in no change in the total
number of non-apical divisions in the zebrafish caudal hindbrain at 36 hpf. However, the
population of vsx/:GFP-expressing non-apical progenitors is reduced and a population of non-
apical divisions that do not express vsx/:GFP is generated. The identity of these vsx/:GFP-
negative non-apical divisions and their progeny (neuron/progenitor) is currently unknown.
However, the ectopic non-apical progenitors express HuC/D, which suggests they might be

neurogenic divisions. These ectopic non-apical divisions are located dorsal to the vsx/:GFP
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domain, so are unlikely to contribute to the production of olig2-expressing non-apical

progenitor cells, which are located ventral to the expression vsx/ domain.

The origin of the unidentified non-apical divisions is also not clear from this data. The loss of
aPKC)\ protein might start a programme to specify the production of non-apical progenitors,
however is it more likely that the vsx/-negative non-apical divisions are generated through
ectopic detachment of apical progenitors. Depletion of aPKCA protein in the neural tube might
lead to the ectopic detachment of daughters of apical progenitors in a number of ways,
including: a) increasing the number of oblique and perpendicular divisions of apical progenitors
(Roberts & Appel 2009); b) overcrowding of the ventricular zone, as aPKC depletion increases
the apical progenitor pool (Roberts & Appel 2009; Alexandre et al. 2010); or c¢) weakening of
the adherens junction contacts between neuroepithelial cells. In summary, the ectopic non-apical

progenitors are likely to be an artefact of loss of aPKC.

6.4.4 Mosaic injection of DN-Su(H) could be used to further investigate the
origins and behaviour of non-apical progenitor
There are still number of outstanding questions regarding the function and behaviour of these
non-apical progenitors in the zebrafish neural tube. Many of these will be best answered using
time-lapse imaging of the behaviour of these progenitors and their daughters on the single cell
and subcellular level. The approach taken in the Clarke and Alexandre labs to observe cell
behaviour is to mosaically label single cells in an embryo, as I have used here. This technique
randomly labels a small number of cells within the embryo to allow the visualization of the
morphology and behaviour of a single cell in an otherwise unlabelled embryo. The random
element of this approach can make it challenging to observe a specific event or subtype of cells,
particularly when the subtype you are interest in are rare (for example, non-apical progenitors).
Therefore, it would be advantageous to be able to increase the chance of labelling the correct
cell type. The data presented here shows that overexpressing DN-Su(H) increases the likelihood
of a labelled cell undergoing a non-apical division during the imaging period. However, this
approach would still be limited by the random element of the labelling technique, as the correct
stem or progenitor population has to be labelled in order for that cell to be driven to
differentiate. We might be able to overcome this using the transcriptional code that patterns the
dorsoventral axis of the neural tube. The V2 progenitor domain is induced in the region in of the
zebrafish neural tube in which the expression of transcription factors Irx3 and Nkx6.1 overlap
(Figure 3-1; England et al. 2011). Therefore, it might be possible to label and/or manipulate the
vsx] non-apical progenitor population specifically by driving the expression of factors (for

example, DN-Su(H)) using the combination of Irx3 and Nkx6.1 promoters.
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6.4.5 Conclusion

Data presented in this chapter demonstrates that the production of vsx/-expressing non-apical
progenitors requires aPKCA and is inhibited by Notch signalling. Taken together, these data
indicate that neurons and non-apical progenitors are generated through similar developmental
programmes in the zebrafish neural tube. This suggests that non-apical progenitors in the
zebrafish spinal cord are derived from the daughter of an asymmetric apical progenitor division

that is biased towards neuronal differentiation.
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CHAPTER 7
GENERAL DISCUSSION
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7 General discussion

This thesis examined the contribution of non-apical neuronal progenitors to zebrafish
neurogenesis. Specifically, I characterised the distribution of non-apical neural progenitors
during zebrafish embryonic development. This work identified a small population of non-apical
neuronal progenitors in the neural tube up to 72 hpf (3 dpf) and found that the spatial and
molecular characteristics of non-apical neuronal progenitors vary between brain regions. A
large proportion of the non-apical progenitors in the hindbrain and spinal cord cells express
vsxI. A smaller population in the spinal cord express olig2, while in the hindbrain and
telencephalon there are a number of non-apical progenitors with unknown identity. In summary,
non-apical progenitors represent a small population of progenitors in the zebrafish neural tube
that changes through development. Further analysis of the mechanisms that regulate their
production indicates that non-apical progenitors share several features of their differentiation

programme with neurons.

I also quantified the spatiotemporal patterning of vsx/ non-apical neuronal progenitors in the
spinal cord and investigated the mechanisms that generate the pattern. These experiments
showed that vsx/:GFP progenitors differentiate with a long distance spacing pattern in time and
space. We hypothesise that this pattern is created by a long-range lateral inhibition signal from
the transient basal arms of differentiating vsx/ progenitors. We have observed the expression of
deltaD protein on the basal arms, suggesting that the long distance inhibitory signal is mediated
by Delta Notch signalling. The outcomes of a simple model of this hypothesis provide support
to this idea and allowed us to refine the details of the mechanics this long-range pattern
formation. Many of the remaining questions regarding the spatiotemporal differentiation pattern

will be best answered using a computational model of this patterning process.

Here, I discuss the implications that these results have on our understanding of the role of non-

apical progenitors on neurogenesis as well as the evolution of this cell type.

7.1  Why might long distance spacing of neurogenesis be important?

The T-shaped morphological transition (P. Alexandre, unpublished) and long distance spacing
pattern of neuronal markers (this thesis and Thisse & Thisse 2004; Thisse et al. 2001;
Hutchinson & Eisen 2006; Gribble et al. 2007; Kimura et al. 2008) is a common feature of
neuron differentiation in the zebrafish spinal cord. We propose that differentiating cells extend
long, transient protrusions over distances corresponding to multiple cell body lengths to inhibit

other cells from progressing through the process of differentiation at the same time and in the
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same place. This patterning event does not affect the fate choice of cells within the
neuroepithelium and instead acts to delay the morphological differentiation of nascent neurons

and, we assume, their ability to integrate into the assembling spinal cord circuitry.

The biological function of regulating neuronal differentiation in a spatiotemporal way is
unknown. However, I speculate that the spatiotemporal ‘spreading out’ of differentiating cells
means that fewer newborn neurons need to be wired into a circuit at any one time. This would
allow circuits to first be constructed from a minimal number of neurons, with more neurons
added through time to build complexity. This would make it easier and more efficient to form
correct connections between partner neurons. Consider the opposite idea; it would be extremely
challenging to form the correct connections between the hundreds of cells that make up an adult
circuit if they are all generated at approximately the same time. There is functional and
developmental in vivo evidence that suggests locomotor circuits are generated in this way
through early development. Circuits required for fast, powerful swimming behaviour develop
first, and neurons and circuits required for finer, more controlled swimming movements develop

in a layered function on top of the initial system (McLean & Fetcho 2009).

Therefore, limiting the differentiation and circuit integration of neurons along the
anteroposterior axis of the neural tube might increase the ease and sped with which the
functional circuitry in the zebrafish spinal cord can be established. A similar differentiation
pattern of initial long distance spacing of neurons followed by infilling has also been observed
in Xenopus embryos (Roberts et al. 1987). This is likely to be particularly important in the
zebrafish and amphibian embryos as they develop externally and therefore need to develop the

ability to escape predators and hunt quickly.

7.1.1 Are the transient basal arms providing Delta Notch-mediated lateral
inhibition?
The similarities between our model of T-shaped cells patterning vsx/ cells in zebrafish and SOP
patterning in Drosophila suggest that the inhibitory signal provided by the basal arms is Delta.
Supporting this, I observed that inactivating Notch signalling cell autonomously by the
overexpression of DN-Su(H) mosaically in the zebrafish spinal cord resulted in a cluster of
three cells differentiating as vsx/:GFP progenitors (see section 6.3.2.2). Such a cluster is very
rare in the normal spacing of vsx/:GFP cells (see Chapter 3). This suggests Notch signalling is
required to generate the spatiotemporal pattern of newborn neurons. Further evidence can be
found in the literature, as published data shows the loss of the initial spacing patterning and
prematurely space filling when Notch signalling is abrogated (Batista et al. 2008; Okigawa et al.

2014). Furthermore, I have observed deltaD expression on the basal arms of T-shaped cells in
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the Tg(deltaD-GFP) transgenic line, suggesting that these structures could be delivering delta
over long distances. In fact, in this line only T-shaped cells express high levels of delta proteins
(Figure 4-10 and P. Alexandre, unpublished; see Figure 4-2). These observations require
confirmation as this transgenic line contains a large number of BAC insertions so we might be

observing events that are due to overexpression of Delta.

While the data presented here is consistent with our hypothesis, it does not confirm it. To test
this idea directly we could interfere with Delta Notch signalling in vsx/:GFP embryos by
injection of morpholinos for different Delta protein or mRNA encoding a Mindbomb dominant
negative and then monitoring the resulting spatiotemporal pattern of vsx/ progenitor divisions.
Due to the multifunctional roles of Delta Notch signalling in neurogenesis, any experiments
aiming to manipulate this pathway in order to test its potential role in generating the spacing
pattern has to be able to disentangle the any effect on spacing with altered neurogenesis. |
attempted to inhibit the activation of Notch signalling using the Y'-secretase inhibitor DAPT, a
drug that prevents the cleavage of NICD (data not shown). However, we found that the drug’s
solvent DMSO alone had an impact on neurogenesis and we so we were unable to observe a
specific effect of DAPT on the pattern of differentiation. In future experiments involving the
manipulation of Delta Notch signalling we will need to ensure that basal arm growth is not
affected, as in Drosophila Delta is required to drive filopodial growth (De Joussineau et al.

2003).

Alternatively, we could use a computational model to address the potential role of Delta Notch
signalling in this patterning process. Due to the important roles Delta Notch signalling plays in
development of a number of species, this signalling pathway has been thoroughly characterised
and described in both general and in-depth mathematic equations (for example: Collier et al.
1996; Sprinzak et al. 2010; Sprinzak et al. 2011) and some of these have been applied to long-
range lateral inhibition (Cohen et al. 2010). It is possible to incorporate our quantitative data on
the dynamics of basal arm behaviours into these equations to model the effect of basal arms on
the spatiotemporal pattern of neuronal differentiation. Generating a computational model of this
patterning event will allow us to critically test our hypothesis and statistically compare the

outcomes of the simulations to our observations of vsx/ spatiotemporal differentiation.
In summary, further experiments are required to identify and demonstrate the molecular

mechanisms that form the signals that generate the spacing pattern see in spinal cord

neurogenesis.
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7.2  VsxI non-apical progenitors might aid functional circuit

assembly

The data presented here suggests that vsx/ is expressed by most of the non-apical progenitors in
the zebrafish embryonic spinal cord through the first three days of development. Therefore, in
this tissue, the majority of non-apical progenitors are produced by a single progenitor domain,
which suggests that the production of non-apical progenitors is not a commonly used feature of
neurogenesis in the developing zebrafish spinal cord. Furthermore, as the zebrafish spinal cord
undergoes restricted growth, this observation also indicates that it is unlikely that non-apical
progenitors exist solely to greatly expand neuron numbers, as is thought to occur in the
mammalian cortex. Instead, one putative function of the vsx/-expressing non-apical progenitors
in the zebrafish spinal cord may be to generate equal numbers of specific types of excitatory and
inhibitory interneurons to ensure the correct excitation/inhibition (E/I) balance from early stages
of neuronal circuit formation. This might be particularly important for V2a and V2b
interneurons as they form a part of the circuits required for locomotion (Kimura et al. 2006;
Lundfald et al. 2007). As V2a and V2b interneurons in the avian and mammalian spinal cord are
also generated in approximately equal numbers, it is possible that V2 neurons are generated by a
(non-apical) intermediate progenitor in these species too (Karunaratne et al. 2002; Al-Mosawie

et al. 2007; Kimura et al. 2008; Panayi et al. 2010).

It is not immediately obvious why this neuron pair-producing progenitor needs to divide in a
non-apical location, as similar n — n divisions are observed at the ventricular surface in the
zebrafish hindbrain (Lyons et al. 2003; Kressmann et al. 2015). One of the advantages of non-
apical divisions is that the daughter cells are unaffected by the putative spacing effects of T-
shaped cells. To elaborate, if an apical division generated the V2a and V2b interneurons, instead
of the non-apical divisions described here, then it is likely that one daughter will begin the T-
shaped transition before the other and the second cell would be delayed by the long distance
spacing mechanism described in this thesis (Figure 7-1A). That would mean that one daughter
neuron would integrate into the circuitry hours before the other (Figure 7-1A). This would
nullify the effect of simultaneously generating daughters with an intrinsic E/I balance. On the
other hand, if V2a/V2b interneuron pairs are generated after the progenitor has been spaced by
basal arms then the relative numbers of excitatory and inhibitory neurons that integrate into the
circuit at a given time are maintained (Figure 7-1B). In summary, I speculate that non-apical
divisions provide a mechanism for pairs of newborn neurons to bypass the delaying or spacing
effect regulated by the basal arms, allowing both daughters to become competent to integrate

into the developing circuitry at approximately the same time.
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A) n - n divisions at the apical surface

Basal
1 2
@
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B) n - n divisions at the basal surface
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Figure 7-1: Non-apical progenitors allow daughter cells to bypass delaying effect of basal arms. A)
If an n - n division occurs at the apical surface (1, one daughter outlined in blue and the other in green),
both daughters will begin to differentiate by translocating to the basal surface (2). It is likely that one cell
will begin the T-shaped transition before the other (3), generating a time delay between when each
daughter elongates its axon. B) If an n — n division at the basal surface (4), it has already undergone the
T-shaped morphological transition (3). Therefore, both of the nascent neuronal daughters will elongate

axons at approximately the same time.

7.3 Insights into the evolution of non-apical progenitors

Data presented in this thesis strongly suggest that non-apical progenitors in the zebrafish spinal
cord follow a similar differentiation programme, regulated by similar regulatory pathways, as
differentiating neurons. From these data, we speculate that non-apical progenitors in zebrafish
are derived from the daughter cell that is biased to differentiate after an asymmetric apical
progenitor division. In this case, evolutionary origin of basal or non-apical progenitors involves
the modification of the suite of transcriptional changes that occur during neuronal
differentiation to allow further division after basal migration and detachment from the apical
surface. It is possible that this idea can be extended to bIPs in the mammalian neocortex as
Tbr2-expressing bIPs show characteristics similar to those seen in vsx/-expressing non-apical
neuronal progenitors in the zebrafish neural tube, including: (1) limited proliferative potential

and (2) the expression of ‘neuronal’ markers prior to mitosis (reviewed in Florio & Huttner
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2014). This suggests that mammalian bIPs could also be derived from the daughter of an apical
progenitor division more committed to neuronal differentiation. Nomura and colleagues reached
a similar conclusion after they found that non-proliferative cells that are committed to neuronal
differentiation express Tbr2 in the chicken pallium. (Nomura et al. 2016). They proposed that
the proliferative capacity of the Tbr2 population was modified to generate bIPs in placental
mammals (Nomura et al. 2016). As small populations of non-apical progenitors are present in
different amniote species (Martinez-Cerdefio et al. 2006; Nomura et al. 2016), Nomura et al also
posited that ancestral amniote species had “a vestigial population of non-surface mitotic cells”
(Nomura et al. 2016). This thesis shows that “non-surface mitotic cells” are not limited to
amniotes and therefore it is possible that non-apical progenitors arose much further back in

evolutionary history, perhaps in early ancestral vertebrates.

Work from this thesis might also provides potential insight into the evolutionary history of the
SVZ. In the zebrafish telencephalon and hindbrain, we found that subapical divisions are
located just outside of the ventricular zone. Non-apically dividing cells are seen in a similar
location in pallium of the turtle (Martinez-Cerdefio et al. 2006) and chicken (Nomura et al.
2016) and this is qualitatively similar to the location of bIPs in mammals (Miyata et al. 2004;
Haubensak et al. 2004; Noctor et al. 2004). Therefore, the small population of subapical
progenitors in the zebrafish pallium might represent an early evolutionary form of the SVZ. As
the mammalian brain evolved, the growing numbers of basal progenitors produced during
neurogenesis could have driven the formation of the SVZ as a morphologically distinct layer of

the developing neocortex.

In summary, comparing the data presented here regarding non-apical progenitors in the
zebrafish neural tube and what is known about basal progenitors in amniote species allows us to
theorise about the evolutionary history of basal/non-apical neuronal progenitors. As the
characteristics of these progenitors are similar across different species, studying the molecular
regulation of non-apical progenitors in the zebrafish neural tube might provide us with insights

into the developmental programmes that give rise to basal progenitors in other species.

7.4 Summary and conclusion

This main aim of this thesis was to increase our knowledge of non-apical progenitors in non-
cortical tissues by studying non-apical mitoses in the zebrafish embryonic central nervous

system.

This work shows that a complex population of non-apical progenitors exists in the developing

zebrafish neural tube, similar to what is known in the mammalian neocortex. In the embryonic
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hindbrain specifically, I identified three spatial populations of non-apical progenitors. I also
found that the number of non-apical progenitors increases as the region undergoes a drastic
expansion, suggesting that non-apical progenitors might aid in the growth of this region as is
hypothesised for basal progenitors in mammals. Further work focusing characterising the
morphologies of different sub groups of zebrafish non-apical neuronal progenitors will allow us
to draw further comparisons between non-apical progenitors in this system and mammalian

species.

This work represents the first thorough characterisation of non-apical neural progenitors in a
vertebrate spinal cord. In the zebrafish, the major population of non-apical progenitors in the
spinal cord express vsx/ and give rise to V2a/V2b interneuron daughter pairs. I speculate that in
this tissue non-apical progenitors might facilitate quick and efficient circuit formation by
intrinsically controlling the excitation/inhibition balance of developing locomotor circuits. The
characteristics of V2 internecurons are conserved between zebrafish, avian and mammalian
species, suggesting this function might also be conserved. However, it is currently unknown

whether a similar (non-apical) intermediate progenitor gives rise to V2 cells in other species.

Zebrafish non-apical neuronal progenitors share a number of cellular, molecular and
developmental characteristics with neurons. For example, both cell types express the marker
HuC/D and both cell types go through a T-shaped transition before morphological
differentiation. Following from these observations, I show that similar mechanisms regulate the
production of neurons and non-apical progenitors, specifically they both require aPKC to
differentiate and are both affected by Notch signalling. These similarities lead us to postulate
that non-apical progenitors evolved through alterations to the neuronal differentiation pathway,
which allowed cells committed to differentiation to undergo a terminal division. As bIP
populations in the mammalian neocortex also express markers that are traditionally thought of
as ‘neuronal’, it is possible that these findings from the zebrafish could provide us with insights

into the evolutionary origin and molecular regulation of basal progenitors in mammals.

Finally, I quantified the long distance spatiotemporal pattern of vsx/ progenitor differentiation.
We hypothesise that the basal arms of differentiating neurons and non-apical progenitors
underlie the formation of this pattern. Specifically, we think that basal arms provide a signal
that can act over multiple cell diameters to delay cells that are committed to neuronal
differentiation from progressing through the differentiation pathway. Our current data seems to
suggest that the inhibitory signal in this patterning process is mediated by Delta Notch
signalling. Future work on this hypothesis will focus on testing the role of the Delta Notch

pathway, through experiments and computational modelling.
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