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ABSTRACT 

As most studies on the development of the central nervous system (CNS) in vertebrates were 

done in fixed preparations and/or in vitro, our knowledge about the plasticity of progenitor cells 

and newly-born neurons in vivo is limited. Using the terminally-dividing vsx1
+
 progenitor lineage 

of the zebrafish retina as an in vivo model for vertebrate CNS development, I could directly 

observe the ontogenetic events neurogenesis, neuronal migration and neuronal differentiation. In 

contrast to the widely-accepted view, I found that a stereotypical and fixed sequence of 

neurodevelopmental events does not necessarily occur in vivo. Using various markers to 

determine the relative timing of mitosis and neuronal differentiation, I discovered that vsx1
+
 

progenitors undergo terminal mitosis at markedly disparate stages of differentiation. Intriguingly, 

the state of differentiation of vsx1
+
 progenitors at mitosis is not arbitrary, but matches that of the 

post-mitotic vsx1
+
 bipolar cells in their vicinity. Moreover, following the fate of the two daughter 

cells, I could also reveal a terminal, asymmetric mode of vsx1
+
 division yielding a bipolar cell 

and an amacrine cell. These terminal, asymmetric vsx1
+
 divisions challenge the invariant nature 

of the ‘committed’ vsx1 lineage and suggest that neuronal identity can be re-specified during 

CNS development. Probing the molecular mechanisms underlying the asymmetric divisions, I 

revealed a dual role for Notch in nascent post-mitotic vsx1
+
 cells: First, conferring a degree of 

plasticity that permits changes in fate and differentiation status and second activating a signaling 

cascade involving Ptf1a to instruct amacrine cell fate. I directly tested the degree to which Notch 

confers plasticity to newly-born neurons by over-expressing Notch together with Atoh7, and 

found the emergence of vsx1
+ 

cells with a phenotype similar to retinal ganglion cells. Taken 

together, instead of a stereotypic, linear progression of developmental events, I found a surprising 

degree of plasticity in progenitors and newly-born neurons during CNS development in vivo.



 

ZUSAMMENFASSUNG 

Da die meisten Studien zur Entwicklung des zentralen Nervensystems (ZNS) in fixierten 

Präparaten und/oder unter in vitro Bedingungen durchgeführt wurden, ist unser Wissen über die 

Plastizität von Progenitorzellen sowie neu-geborenen Nervenzellen unter in vivo Bedingungen 

sehr beschränkt. Mithilfe des Modelsystems von sich terminal-teilenden vsx1
+
-Progenitorzellen 

der Zebrafisch-Retina konnten im Rahmen dieser Doktorarbeit die ontogenetischen Vorgänge 

Neurogenese, neuronale Migration und neuronale Differenzierung in einem Vertebraten in vivo 

untersucht werden. Entgegen der weitverbreiteten Meinung wurde festgestellt, dass die 

Hauptschritte der neuronalen Entwicklung in vivo nicht notwendigerweise in einer fixen, 

stereotypischen Sequenz ablaufen. Mithilfe von verschiedenen Markern konnte bestimmt werden, 

dass sich vsx1
+
-Progenitorzellen in sehr unterschiedlichen Stadien der neuronalen 

Differenzierung teilen und nicht zu einem bestimmten, stereotypischen Zeitpunkt ihres 

Differenzierungsprozesses. Interessanterweise ist das Differenzierungsstadium der vsx1
+
-

Progenitorzellen zum Zeitpunkt der Mitose nicht willkürlich, sondern dem der post-mitotischen 

vsx1
+
-Bipolarzellen in unmittelbarer Nachbarschaft ähnlich. Außerdem wurde das Schicksal der 

Tochterzellen von sich terminal-teilenden vsx1
+
-Progenitorzellen untersucht. Hierbei konnte 

festgestellt werden, dass sich vsx1
+
-Progenitorzellen auch terminal-asymmetrisch teilen können, 

und dabei eine Bipolar- und eine Amakrinzelle generieren. Diese terminalen-aysmmetrischen 

vsx1
+
-Zellteilungen stellen die Invarianz von ‘determinierten’ Progenitorzellen in Frage und 

implizieren eine Respezifikation von neuronaler Identität während der Entwicklung des ZNS. Als 

die molekularen Mechanismen der asymmetrischen Zellteilungen analysiert wurden, konnte eine 

zweifache Rolle von Notch für sich entwickelnde, post-mitotische vsx1
+
-Zellen gezeigt werden: 

Zum einen verleiht Notch ein gewisses Ausmaß von Plastizität, welche Änderungen im 



 

Zellschicksal und Differenzierungsstatus ermöglichen; zum anderen aktiviert Notch durch eine 

Signalkaskade Ptf1a um das Zellschicksal einer Amakrinzelle zu instruieren. Als das Ausmaß der 

Notch-induzierten Plastizität in neu-geborenen Neuronen durch Überexpression von Notch und 

Atoh7 direkt getestet wurde, konnte in vsx1
+
-Zellen der Phänotyp von retinalen Ganglionzellen 

induziert werden. Insgesamt wurde in dieser Doktorarbeit eine überraschende Plastizität von 

Progenitorzellen und neu-geborenen Neuronen während der Entstehung des ZNS in vivo 

vorgefunden und nicht, wie eigentlich erwartet, ein stereotypischer, linearer Fortgang von 

Entwicklungsschritten. 
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1. INTRODUCTION 
 

“Omnis cellula e cellula
1
” (Robert Virchow, 1855) 

Robert Virchow is widely credited for adding the third tenet to cell theory (Virchow, 1855). 

However, it was originally the embryologist Robert Remak, who discovered that new cells are 

generated by mitotic divisions of pre-existing cells (Remak, 1852). Tremendous progress has 

been made since these early days of modern developmental biology; e.g. the entire early 

embryogenesis of a vertebrate was recently described on a cellular level in the form of a ‘digital 

embryo’ (Keller et al., 2008) highlighting the persisting importance and innovative mind of the 

field. Nevertheless, developmental biology still harbors numerous enigmatic questions. This 

assessment is particularly true for the development of the nervous system. The main reason for 

our limited knowledge on neural development is the unmatched, complicated structure of the 

nervous system: it contains a large number of different neuronal cell types, of which each has a 

highly complex morphology and synapses with numerous partners (Kasthuri et al., 2015). How 

these features are established during neural development is largely unknown. 

On the one hand, a better anatomical and physiological understanding of the nervous system will 

be crucial to fully appreciate neural development (obviously, we need to know which cell types 

exist in order to study how they develop). On the other hand, studies on the development of the 

nervous system can directly lead to functional insight and thus research on both, neural 

development and function, could propel and advance each other (Krishnaswamy et al., 2015; Li 

et al., 2012a). 

                                                           
1
 All cells come from cells 
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For my graduate work, I focused on basic principles of how interneurons are derived from the 

vsx1
+
 (visual system homeobox 1) progenitor lineage, using the zebrafish retina as an in vivo 

vertebrate model. Therefore, I will describe in the introduction (1) the anatomy of the vertebrate 

retina, (2) basics of retinal development in vertebrates and (3) zebrafish as a model organism for 

neural development. Finally, I will introduce (4) the vsx1
+
 progenitor lineage and the specific 

questions I addressed, namely (I) the uncoupling of mitosis and differentiation and (II) the re-

specification of neuronal identity during retinal development. 

 

I would like to emphasize that sections in all parts of the thesis (Introduction, Materials and 

Methods, Results and Discussion) are based on several first-author manuscripts: “Imaging 

Subcellular Structures in the Living Zebrafish Embryo” (Engerer et al., 2016), “Uncoupling of 

neurogenesis and neuronal differentiation during CNS development” (Engerer et al, in revision) 

and “Re-specification of neuronal identity during CNS development” (Engerer et al, in 

preparation). 
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1.1. The anatomy of the vertebrate retina  
 

The retina is a thin, laminated structure of neural tissue at the back of the eye. It belongs to the 

central nervous system (CNS) and has the main function to provide the animal with visual 

information from the outside world. In contrast to many other parts of the CNS, retinal anatomy 

is comparably simple and well understood (Figure 1.1). As a result, the retina is a popular model 

for studies on neural development and function (Dowling, 2012; Hoon et al., 2014).  

 

 

Figure 1.1 - The anatomy of the vertebrate retina. 

(A) Contrast-inverted image from an eye of a Q01 larval zebrafish 3 days post fertilization (dpf), in which all cellular 

membranes are labelled with the genetically-encoded fluorescence protein CFP. The lamination of the retina has 

already been established at 3 dpf. Scale bar: 50 µm. Image courtesy of Dr. Leanne Godinho. (B) Schematic 

representation of the vertebrate retina. Cell bodies of neurons and glia show specific morphologies and are invariably 

located in the three nuclear layers (ONL, INL and GCL). Synaptic connections are confined to the plexiform layers 

(OPL and IPL). Abbreviations: outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), 

inner plexiform layer (IPL), ganglion cell layer (GCL), photoreceptors (PRs), horizontal cells (HCs), bipolar cells 

(BCs), Müller glia (MG), amacrine cells (ACs) and retinal ganglion cells (RGCs).  
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The retina is structured in three cellular layers [outer nuclear layer (ONL), inner nuclear layer 

(INL) and ganglion cell layer (GCL)] and two synaptic layers [outer plexiform layer (OPL) and 

inner plexiform layer (IPL)] (Figure 1.1). While the somata of all retinal neurons and glia are 

arranged in the cellular layers, the entirety of synaptic connections is confined in the two 

plexiform layers. In addition to its laminated structure, the retina has the advantage of only 

harboring five major neuronal types and one glial cell type. With some minor exceptions, each 

cell type is invariably located in a specific cellular layer and has a stereotypic morphology. 

 

Photoreceptors (PRs) 

PRs are located in the ONL and are the principal sensory cells of the retina (Figure 1.1). They 

can absorb photons with the help of visual pigments and thus eventually convert light into a 

change in neurotransmitter release. Counterintuitively, PRs hyperpolarize upon light stimulation 

and release less of the neurotransmitter glutamate. PRs synapse in the OPL onto bipolar cells 

(BCs) and horizontal cells (HCs). Like all other neurons of the retina, PRs can be further 

classified into subtypes, rods and cones. Rods are PRs with rhodopsin as a photosensitive 

pigment and are engaged in scotopic (night) vision. Cones are PRs with opsins as a 

photosensitive pigment and are engaged in photopic (color) vision. In contrast to a single subtype 

of rod PRs, multiple subtypes of cone PRs exist, each having a distinct opsin to absorb photons of 

a specific spectrum of wavelengths, e.g. the UV-, blue-, green- and red-cones in zebrafish
2
 

(Vihtelic et al., 1999).  

 

                                                           
2
 As I exclusively did experiments in the retina of zebrafish during my PhD thesis, I will mainly refer to examples in 

the zebrafish retina. 
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Bipolar cells (BCs) 

BCs are (mostly) glutamatergic interneurons that reside in the INL. As their name suggests, BCs 

have a ‘textbook’ bipolar morphology (Figure 1.1): on their apical side, BCs elaborate a dendrite 

tree to the OPL to receive synaptic inputs from PRs and HCs; on their basal side, BCs send an 

axon to the IPL to synapse with retinal ganglion cells (RGCs) and amacrine cells (ACs). Given 

their circuitry, BCs are considered as relay neurons that convey information (directly or 

indirectly) from PRs to RGCs. In very simple terms, BCs can be subdivided into ON- and OFF-

BCs depending on whether they are activated by the onset of a light stimulus (ON-BCs) or by the 

termination of a light stimulus (OFF-BCs). Remarkably, ON- and OFF-BCs can be readily 

distinguished by their morphology as the axonal boutons of ON-BCs stratify in the lower half of 

the IPL (Figure 1.1, left BC), whereas the boutons of OFF-BCs stratify in the upper half of the 

IPL (Figure 1.1, right BC). However, based on axonal and dendritic morphology, ON- and OFF-

BCs have been classified in further categories leading to a large number of BC subtypes, e.g. up 

to 18 BC subtypes have been described in the zebrafish retina (Connaughton, 2011; Li et al., 

2012b).  

 

Retinal ganglion cells (RGCs) 

RGCs reside in the GCL and are highly polarized, glutamatergic projection neurons (Figure 1.1): 

on their apical side, RGCs extend a dendritic tree into the IPL to receive inputs from BCs and 

ACs; on their basal side, RGCs send axonal projections that leave the retina via the optic nerve to 

synapse in different brain areas, particularly in the lateral geniculate nucleus of the thalamus (in 

mammals) or the tectum (in teleosts). Mainly based on the stratification of their dendrites in the 

IPL, numerous subtypes of RGCs have been classified, e.g. more than 50 subtypes have been 
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proposed in the zebrafish retina (Robles et al., 2014). For some RGC subtypes, responses to a 

very specific stimulation have been observed and, in exceptional cases, even a link to behavior 

proposed, e.g. RGCs important for prey recognition (Semmelhack et al., 2014) and looming-

evoked escape (Temizer et al., 2015). Moreover, there are special subtypes of non-image 

forming, light-sensitive RGCs, which are important for the circadian rhythm (Berson et al., 2002; 

Matos-Cruz et al., 2011) and pupillary reflex (Chen et al., 2011; Gamlin et al., 2007).  

 

Horizontal cells (HCs)  

HCs are inhibitory interneurons in the outer part of the INL. They have a multipolar morphology 

which is established by multiple dendrites (and, additionally, in some subtypes by a single axon) 

(Figure 1.1). HCs receive glutamatergic inputs from photoreceptors and release the 

neurotransmitter GABA to synapses that feedback on PRs. This feedback between PRs and HCs 

is the first station of lateral processing in the retina and important for accommodation to changing 

light levels. Relatively low numbers of HC subtypes (H1, H2 and H3) have been described in the 

zebrafish retina so far (Song et al., 2008).  

 

Amacrine cells (ACs) 

ACs are inhibitory interneurons which are mainly located in the inner part of the INL (however, 

so-called ‘displaced ACs’ reside in the GCL). ACs have a unipolar morphology with their sole 

dendrite projecting to the IPL to contact BCs and RGCs (Figure 1.1). ACs are important for 

lateral processing, e.g. to modulate or integrate visual information. To our current knowledge, 

ACs are the most diverse neuronal type in the vertebrate retina (Seung and Sumbul, 2014) and 28 
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subtypes have been described in zebrafish so far (Jusuf and Harris, 2009). ACs are mostly 

classified based on three criteria: (1) width of the dendritic tree (e.g. narrow-field), (2) in which 

strata of the IPL the dendritic tree stratifies (e.g. bistratified with a beaded morphology), and (3) 

which neurotransmitter they use (e.g. glycine). The AC subtype just described is known as an AII 

AC and is essential for information flow from rod BCs onto RGCs (Demb and Singer, 2012). 

Another well studied AC subtype is the cholinergic starburst AC, which is important for the 

emergence of direction selectivity (Yoshida et al., 2001). Nevertheless, the function of most ACs 

remain poorly understood and thus ACs are currently the most enigmatic cell type of the retina 

(Masland, 2012). 

 

Müller glia (MG) 

MG are the principal glial cell type of the retina. They have a relatively large soma which resides 

in the middle of the INL and span with their processes the entire thickness of the retina (Figure 

1.1). Like other glial cells, their function is to support neurons, e.g. by uptake of 

neurotransmitters, ionic homeostasis of the extracellular milieu, or forming a mechanical support 

structure (MacDonald et al., 2015). As MGs are non-myelinating glia, all neurons within the 

retina proper are not myelinated. In lower vertebrates (like zebrafish), MGs maintain the 

potential, even in adulthood, to undergo mitosis as they can dedifferentiate after injury and divide 

to replenish lost neurons (Goldman, 2014). 
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1.2. The development of the vertebrate retina 
 

As my work exclusively addressed mechanisms during late(r) stages of retinal development, I 

only refer to excellent reviews and book chapters for early stages of retinal development (Chow 

and Lang, 2001; Schmitt and Dowling, 1994; Wong, 2012; Zuber and Harris, 2012), and start to 

illustrate retinal development at the stage of a pseudostratified neuroepithelium (Figure 1.2). 

 

Figure 1.2 - Morphology of a pseudostratified neuroepithelium.  

(A) Contrast-inverted image from an eye of a Q01 larval zebrafish 2 days post fertilization (dpf), in which all cellular 

membranes are labelled with the genetically-encoded fluorescence protein CFP. The lamination of the mature retina 

has not been established at 2 dpf. In the boxed region, the retina appears to be constituted by several layers of 

undifferentiated cells. The orange arrow indicates the retinal gradient. Neuronal development commences in the 

ventro-nasal patch (starting point of the orange arrow) and subsequently advances to the nasal, dorsal and temporal 

parts of the retina. Scale bar: 50 µm. Image courtesy of Dr. Leanne Godinho. (B) Schematic representation of the 

retinal neuroepithelium. At the developmental stage of a pseudostratified neuroepithelium, the retina consists of 

progenitor cells which span with their processes the entire thickness of the retina. As the cell bodies of progenitor 

cells are arranged at different depths of the apico-basal axis, the retina appears to be constituted by multiple strata 

(layers) and thus is referred to as a pseudostratified neuroepithelium. 
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During late(r) stages of retinal development, the unstructured neuroepithelium (Figure 1.2) 

transforms to a functional retina (Figure 1.1). This transformation requires three major 

ontogenetic events to occur, starting with neurogenesis, followed by neuronal migration and 

concluding with neuronal differentiation (Figure 1.3). In the following paragraphs, I will 

describe our current knowledge about each ontogenetic event in greater detail. 

 

Figure 1.3 – Neurogenesis, neuronal migration and neuronal differentiation. 

Schematic representation of the three major ontogenetic events during late(r) stages of retinal development: (1) 

neurogenesis, the birth of neurons by progenitor cell mitosis; (2) neuronal migration, the re-positioning of post-

mitotic neurons from proliferative zones to the proper laminar position; and (3) neuronal differentiation, the 

acquisition of a neuronal morphology and gene expression profile to allow for circuit integration. 
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1.2.1. Neurogenesis 
 

Initially, progenitor divisions of the pseudostratified neuroepithelium (Figure 1.2) are symmetric, 

proliferative divisions, i.e. each progenitor division produces another two progenitors (Gotz and 

Huttner, 2005) (Figure 1.4). However, as development proceeds, the progenitor mitoses shift to 

cell-divisions that could be described as (1) a stem-cell mode of division in which a progenitor 

and a post-mitotic cell are generated (asymmetric division) and (2) a terminal-mode of division in 

which two post-mitotic cells are generated (terminal division). If at least one of the post-mitotic 

daughter cells is a neuron, the division can also be referred to as a neurogenic division (Figure 

1.4); if at least one of the post-mitotic daughter cells is a Müller glial cell, the division can also be 

referred to as a gliogenic division.  

 

  

 

Figure 1.4 - Modes of cell division during retinal neurogenesis. 

In principle three different modes of cell division can be distinguished during retinal neurogenesis: (1) symmetric, 

proliferative divisions in which each progenitor generates another two progenitors; (2) asymmetric, neurogenic 

divisions in which each progenitor generates a progenitor and a neuron; (3) terminal, neurogenic divisions in which 

each progenitor generates two neurons
3
. Abbreviations: progenitor cell (P) and neuron (N). 

                                                           
3
 Terminal divisions can even be further subdivided into (1) terminal, symmetric divisions (both daughter cells are 

the same post-mitotic cell type, e.g. two BCs) and (2) terminal, asymmetric divisions (daughter cells are distinct 

post-mitotic cell types, e.g. an AC and a BC).  
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The developmental process of neuron production by progenitor cell mitoses is referred to as 

‘neurogenesis’. Our knowledge on how the appropriate numbers and types of retinal neurons are 

generated is still limited. However, certain principles have emerged that help to accomplish this 

complex task. 

 

Birth dating of retinal cell types 

It is generally accepted that progenitors (at least at the early stages of neurogenesis) are 

multipotent, i.e. a progenitor lineage can produce post-mitotic cells with multiple distinct cellular 

fates (He et al., 2012; Holt et al., 1988; Turner and Cepko, 1987; Turner et al., 1990; Wetts and 

Fraser, 1988) (see also Figure 1.6). However, a progenitor lineage is not able to produce all 

cellular fates at a single time-point of retinogenesis. Several birth dating studies have shown (He 

et al., 2012; Hu and Easter, 1999; La Vail et al., 1991; Rapaport and Stone, 1983; Rapaport et al., 

2004; Wong and Rapaport, 2009; Young, 1985a, b) that progenitors generate distinct neuronal 

types at different developmental stages, e.g. RGCs are the first cell type to be born in all 

vertebrate retinae (Figure 1.5). As retinogenesis proceeds, in addition to RGCs, other retinal cell 

types are born. The birth order of distinct cell types can show variations amongst different 

species, e.g. HCs are born late in zebrafish, while they are born early in rodents (Godinho et al., 

2007; He et al., 2012; Hu and Easter, 1999; Rapaport et al., 2004; Young, 1985a). Furthermore, it 

is important to note that multiple distinct cell types (e.g. ACs and BCs) can be generated 

concurrently (Figure 1.5). 
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Figure 1.5 – Birth dating of neurons in the zebrafish retina. 

Birth dating of neurons in the zebrafish retina shows that RGCs are the first cell type to be born, and that the genesis 

of retinal neurons is broadly overlapping. Abbreviations: photoreceptors (PRs), horizontal cells (HCs), bipolar cells 

(BCs), amacrine cells (ACs) and retinal ganglion cells (RGCs). Adapted from (He et al., 2012) 

 

Temporal competence model 

Especially for repetitive rounds of asymmetric, neurogenic divisions of a progenitor lineage 

(which produce one neuron and one progenitor cell following mitosis), a temporal competence 

model has been conceptualized (Figure 1.6). In this model, a progenitor lineage undergoes a 

developmental program, which is defined by the sequential action of transcription factors, leading 

to the competence of producing a certain cell type at a given stage of development (e.g. an RGC 

when neurogenesis commences). As retinogenesis proceeds, the transcriptional landscape of the 

progenitor lineage changes leading to the production of another, later-born cell type (e.g. an AC). 

Importantly, the model implies a one-way road, i.e. once a progenitor lineage has passed a certain 

competence stage, it cannot go back to produce an earlier-born cell type (Cepko, 2014; Kohwi 

and Doe, 2013). 
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Figure 1.6 - Lineage tree of a multipotent progenitor lineage according to the temporal competence model. 

A scheme of a progenitor lineage illustrates the capacity of a multipotent progenitor to produce several distinct 

neuronal cell types. While the early-dividing progenitor (light gray) undergoes an asymmetric, neurogenic division to 

generate a progenitor and an RGC, the late-dividing progenitor (dark grey) undergoes a terminal, symmetric division 

to generate two PRs. The changing hue saturation of progenitor cells indicates the shift in transcription factor 

expression during neurogenesis and their altered potential to produce distinct neuronal cell types. Abbreviations: 

progenitor cell (P), retinal ganglion cell (RGC), amacrine cell (AC), bipolar cell (BC) and photoreceptors (PRs). 

 

Deterministic vs stochastic model 

To date, it is clear that there is not a single progenitor lineage, i.e. even if two retinal progenitors 

are labeled at the very same time-point of development, their lineages will be variable with 

regards to number and type of produced neurons and glia (He et al., 2012; Holt et al., 1988; 

Turner and Cepko, 1987; Turner et al., 1990; Wetts and Fraser, 1988). Consistently, a large 

variety of molecularly distinct progenitors have been found (Blackshaw et al., 2004; Livesey et 

al., 2004; Trimarchi et al., 2008). How these variable progenitors produce an invariant retina is 

unclear (He et al., 2012). Two models are in principle conceivable: 

On the one hand, a deterministic model has been proposed. In this model, multiple different 

progenitors exist, each having a specific, hardwired lineage. Some support for this model came 
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from studies of trβ2
+
 progenitors in the zebrafish retina, which undergo multiple rounds of 

divisions and exclusively produce RGCs, HCs and red cones (Suzuki et al., 2013). Moreover, for 

the development of the mammalian cortex, a model with a deterministic component has been 

proposed (Gao et al., 2014). 

On the other hand, studies in the retina have suggested that fate choices and lineage trees are 

stochastic; this means for example that the fate choice of an earlier division does not influence 

the fate choice of later divisions (Boije et al., 2015; Gomes et al., 2011; He et al., 2012). As the 

finding of committed trβ2
+
 progenitors and an entirely stochastic model are mutually exclusive, 

future work will be needed to gauge the extent of deterministic and stochastic mechanisms during 

neurogenesis in the retina and other parts of the nervous system. 

 

Extrinsic vs intrinsic determinants 

Irrespective of a deterministic or stochastic model, it has been shown that both intrinsic and 

extrinsic factors could influence retinal development. Intrinsic factors are genetic programs of 

progenitors. Accordingly, over-expression or deletion of transcription factors and signaling 

pathways (e.g. Ascl1, Atoh7, Notch or trβ2
+
) can profoundly change the lineage of progenitors 

(Brzezinski et al., 2011; Jadhav et al., 2006b; Mizeracka et al., 2013; Suzuki et al., 2013; Yang et 

al., 2003). Extrinsic factors are the environment of a progenitor, e.g. surrounding neurons. 

Likewise, a change in the composition of the surrounding cells can profoundly influence 

progenitor lineages (Belliveau and Cepko, 1999; Jusuf et al., 2011; Kay et al., 2005). 

Importantly, intrinsic and extrinsic factors are not mutually exclusive and could act cooperatively 

(Neumann and Nuesslein-Volhard, 2000). 
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Terminally-dividing progenitors 

Over the past few years, it has become clear that some retinal neurons (especially late-born cell 

types) are generated predominantly or exclusively by terminally-dividing progenitors (He et al., 

2012). It has been suggested that some of these progenitors are ‘committed progenitors’ 

(Emerson et al., 2013; Godinho et al., 2007; Suzuki et al., 2013). A committed progenitor is 

molecularly-defined and invariably produces a distinct cell type(s). Examples of committed 

progenitors in the zebrafish retina are HC and cone progenitors (Godinho et al., 2007; Suzuki et 

al., 2013).  

In some instances, committed progenitors even show signs of ‘precocious neuronal 

differentiation’. The term ‘precocious neuronal differentiation’ is (so far) not widely used in the 

literature but I would like to define it as the observation that certain neuronal progenitors are 

already expressing ‘neuronal’ genes [these ‘neuronal’ genes are conventionally thought to be 

only expressed in post-mitotic neurons and thus are used as markers thereof, e.g. TuJ1 (Memberg 

and Hall, 1995)]. Such ‘differentiating’ progenitors are not restricted to the zebrafish retina but 

are also present in other species and in other parts of the CNS, including the rodent cortex 

(Attardo et al., 2008; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). However, 

the most compelling evidence for precocious neuronal differentiation in neuronal progenitors can 

be observed in the peripheral nervous system (PNS) (DiCicco-Bloom et al., 1990; Rohrer and 

Thoenen, 1987; Rothman et al., 1980) where progenitors of sympathetic ganglia were reported to 

express the bona fide neuronal marker tyrosine hydroxylase (an enzyme important for the 

synthesis of catecholamines). 
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Apically and non-apically dividing progenitors 

Conventionally, all retinal neurons are thought to be generated by retina spanning progenitors 

which have their somata scattered along different depth of the neuroepithelium and undergo 

mitosis at the apical surface (see also Figure 1.2). This means that every progenitor has to move 

its soma to the apical surface in order to divide (Figure 1.7 A), leading to characteristic 

oscillatory nuclear movements prior to mitosis (Sauer, 1935), a phenomenon termed ‘interkinetic 

nuclear migration’ (IKNM). Recently, the direction and driving forces of IKNM have been linked 

to specific phases of the cell cycle (Baye and Link, 2007; Kosodo et al., 2011; Leung et al., 

2011). It was proposed that passive forces (generated by surrounding cells) push progenitor 

somata during G1 phase away from the apical surface. During S-phase, progenitors are located in 

the basal parts of the retina and undergo only little, undirected movement. However, in G2-phase, 

progenitors show microtubule and/or actin-myosin driven directed movement toward the apical 

surface to undergo mitosis at this location (Del Bene et al., 2008; Norden et al., 2009).  

About a decade ago, studies in the rodent cortex reported that neuronal progenitors can also 

undergo mitosis in non-apical locations (Haubensak et al., 2004; Miyata et al., 2004; Noctor et 

al., 2004) (Figure 1.7 B). These progenitors were named ‘basal progenitors’, ‘intermediate 

progenitors’ or ‘non-apical progenitors’. Subsequently, non-apically dividing progenitors have 

also been described in the zebrafish retina (Godinho et al., 2007; Weber et al., 2014). The 

migration of these non-apical progenitors is less understood, e.g. it is unclear whether non-

apically dividing progenitors undergo IKNM. So far, it has been suggested that mechanical 

constraints could prevent apical movement and force progenitors to divide non-apically (Weber 

et al., 2014). 
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Figure 1.7 - Apically and non-apically dividing progenitors. 

(A) An apically dividing retinal progenitor undergoing IKNM and mitosis at the apical surface. The scheme 

illustrates the somal movement of the progenitor during the cell cycle. The soma moves basally during G1 phase, 

shows little movement during the S phase, and moves apically during G2 phase. At the beginning of mitosis, the 

progenitor has reached the apical surface to undergo cell division. (B) A non-apically dividing progenitor undergoing 

mitosis at a non-apical location. For non-apically dividing progenitors, it is unknown whether they undergo IKNM. 

The morphology of non-apically dividing progenitors is less studied and potentially variable (indicated by dashed 

processes). 
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1.2.2. Neuronal migration 
 

After being generated by neurogenic mitosis, the nuclei of the daughter cells migrate to place 

their cell bodies in the appropriate layer (Figure 1.3). During neuronal migration, two distinct 

morphologies have been observed for retinal neurons: On the one hand, nuclear translocation 

reminiscent of progenitor cell IKNM has been described for immature RGCs and BCs (Quesada 

et al., 1981; Zolessi et al., 2006). On the other hand, an amoeboid-like migration has been 

described for ACs and HCs (Deans et al., 2011; Godinho et al., 2005; Godinho et al., 2007; Hinds 

and Hinds, 1978, 1983; Quesada et al., 1981) (Figure 1.3). Additionally, a recent publication 

suggests that inhibitory cells could undergo distinct phases of migration involving both somal 

translocation and amoeboid-like migration (Chow et al., 2015). While the radial displacement of 

post-mitotic cells to the appropriate layer is necessary for neuronal development, it is not 

sufficient to form the retinal mosaic with regularly distributed cell types. Accordingly, several 

studies have shown that some retinal neurons can undergo tangential dispersion to contribute to 

retinal mosaic formation (Reese and Galli-Resta, 2002). 

Unlike interneurons of the neocortex (Anderson et al., 1997), all retinal cells are born within the 

retina and thus the migration distances for newly-born neurons are short. This is especially true 

for non-apically dividing progenitors as they can undergo mitosis in their daughter cells’ future 

layer (e.g. HC progenitors divide in the INL, the layer in which HCs reside). It has been 

speculated that these in situ divisions minimize the need for post-mitotic neuronal migration and 

could thus speed up neuronal development (Godinho et al., 2007). Intriguingly, exactly these 

non-apically dividing progenitors show signs of precocious neuronal differentiation. 
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1.2.3. Neuronal differentiation 
 

Neurons are highly specialized cells, which can receive, integrate and convey information. To 

this end, neurons display a sophisticated, highly-polarized morphology (Cajal, 1899) which 

enables them to interact very precisely. Neuronal morphologies are cell type specific and hence 

can be vastly heterogeneous (Figure 1.1). In most cases, neurons extend a single axon and a 

variable number of dendrites. Neurosciences have begun to understand some of the cellular, 

subcellular and molecular processes of how axons and dendrites form (Lewis et al., 2013; 

Whitford et al., 2002). While much work has been done in vitro (Bradke and Dotti, 2000), some 

studies have addressed these questions in vivo (Godinho et al., 2005; Mumm et al., 2005; Zolessi 

et al., 2006). For example, time-lapse recordings have revealed the dynamics of axonal and 

dendritic development of BCs. It has been proposed that BCs initially have retinal spanning 

processes which are then pruned to restrict the neurites to the IPL and OPL (Randlett et al., 

2013). In addition, studies have looked at subcellular organelles, e.g. the centrosome and its role 

in establishing the axon (Distel et al., 2010; Randlett et al., 2011). Finally, some of the molecular 

players that promote axon or dendrite formation have been cloned (Barnes et al., 2007; Shelly et 

al., 2007; Shelly et al., 2011). 

A correct morphology is necessary to bring the processes of different neurons in close proximity 

and enable them to potentially interact. For functional circuits, however, neurons must be 

excitable and establish synapses. To this end, neurons show a unique gene expression profile 

including genes for specific ion channels, neurotransmitter synthesis and the pre- and 

postsynaptic machinery. Accordingly, as neuronal differentiation proceeds, post-mitotic neurons 

commence neuron-specific gene expression to allow for neuronal excitability and connectivity 

(Cahoy et al., 2008).  
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1.3. Zebrafish as an in vivo model of neural development 
 

The teleost zebrafish (Danio rerio) is a popular vertebrate model organism for multiple reasons. 

Since the early days of zebrafish research, the potential to conduct large-scale genetic screens in a 

vertebrate has been appreciated (Nusslein-Volhard, 2012). Later, after new labeling and imaging 

methods came of age, zebrafish embryos emerged also as a popular model for in vivo imaging 

(Beis and Stainier, 2006; Engerer et al., 2016; Keller, 2013). Zebrafish embryos are conducive for 

intravital microscopy for a number of reasons: (1) Zebrafish embryos develop rapidly and 

externally, while at the same time being transparent. (2) Zebrafish embryos can be easily 

prepared for (repeated) microscopic observation without the need for any surgical procedure. (3) 

Zebrafish offer a large variety of tools for fluorescence labeling, including the bi-partite 

Gal4/UAS system, which allows for amplified and flexible expression of (multiple) transgenes 

(Brand and Perrimon, 1993; Distel et al., 2010; Koster and Fraser, 2001; Scheer and Campos-

Ortega, 1999). 

The convenience of imaging zebrafish embryos in vivo is particularly valuable to study neural 

development. I want to illustrate this by highlighting two major hurdles in mice, the prime model 

system for neural development in mammals: (1) Since neural development in rodents occurs 

largely in utero within an opaque embryo, direct optical access to the intact developing nervous 

system is precluded and surgical procedures are involved [e.g. slice preparations and whole 

explants (Gahwiler et al., 1997; Kerschensteiner et al., 2008)]. (2) Neural development in rodents 

takes significantly longer, rendering it difficult to study certain events in a single preparation [e.g. 

synapse elimination; but see also (Walsh and Lichtman, 2003)].  

On the contrary, it is important to realize that the organization of the zebrafish nervous system is 

in some parts profoundly different from mammals, e.g. zebrafish do not have a six-layered 
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cerebral cortex (Mueller and Wullimann, 2015). Thus certain aspects of mammalian neural 

development cannot be addressed in zebrafish. On that note, it is not surprising that the retina has 

for a number of reasons drawn more attention than any other structure for studies on neural 

development in zebrafish: (1) The retina of zebrafish shares the same principle organization of all 

vertebrate retinae. Thus zebrafish researchers cannot only benefit from work in other species but 

also produce insight potentially relevant for mammals. (2) Zebrafish are visual animals and thus 

the entire visual system occupies large areas of their nervous system. In addition, several 

behavioral assays to probe vision have been established. (3) The retina is on the surface of the 

zebrafish head and as such an ‘accessible part of the brain’. 

 

In vivo studies of the zebrafish retina have been reported more than a decade ago, covering 

diverse questions of neural development, such as the modes of cell division during neurogenesis 

(Das et al., 2003), the lineage of progenitors (He et al., 2012; Poggi et al., 2005; Suzuki et al., 

2013; Vitorino et al., 2009), interkinetic nuclear migration of progenitors (Baye and Link, 2007; 

Del Bene et al., 2008; Leung et al., 2011; Norden et al., 2009), the migration and polarization of 

post-mitotic neurons (Chow et al., 2015; Godinho et al., 2005; Mumm et al., 2005; Randlett et al., 

2011; Zolessi et al., 2006), the selectivity of neuronal connectivity (Randlett et al., 2013; 

Yoshimatsu et al., 2016; Yoshimatsu et al., 2014) or the role of Müller glia (MacDonald et al., 

2015; Williams et al., 2010).  
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1.4. The plasticity of the vsx1
+
 lineage during zebrafish retinogenesis 

 

Taking advantage of the genetic and optical accessibility of zebrafish embryos, I aimed to 

investigate how interneurons are born in vivo by a molecularly-defined progenitor cell 

population. To this end, I studied the vsx1
+
 progenitor lineage of the retina. 

Previous studies have suggested that vsx1
+
 progenitors of the zebrafish retina undergo terminal, 

symmetric division to yield two BCs (He et al., 2012; Weber et al., 2014) and thereby generate 

the vast majority of BCs (> 95% of all mature BCs are vsx1
+
) (Vitorino et al., 2009). In addition, 

expression of vsx1 has also been observed in a heterogeneous, small subset of mature ACs (< 5% 

of all mature ACs are vsx1
+
) (Vitorino et al., 2009). However, the expression of vsx1 in ACs is 

enigmatic as the homeobox transcription factor vsx1 has previously only been implicated in the 

specification and maintenance of BCs (Chow et al., 2001; Passini et al., 1997; Shi et al., 2011). 

By following terminally-dividing vsx1
+
 progenitors and their daughter cells with single cell 

precision, I could directly observe the plasticity of progenitors and newly-born post-mitotic 

neurons in vivo. In the first project, focusing on the plasticity of progenitors, I addressed the 

stereotypy of the developmental program in the molecularly-defined vsx1
+
 progenitor population. 

Or in other words, I explored the relative timing of neurogenesis, neuronal migration and 

neuronal differentiation in this molecularly-defined progenitor population of the CNS. In contrast 

to the canonical view, which suggests that neurogenesis, neuronal migration and neuronal 

differentiation occur in a fixed sequence (Figure 1.3), I found an uncoupling of these ontogenetic 

events in vsx1
+
 progenitors. In the second project, focusing on the plasticity of newly-born post-

mitotic daughter cells, I found that vsx1
+
 progenitors can also generate ACs and investigated the 

molecular mechanisms underlying the production of vsx1
+
 ACs. To this end, I found evidence for 

Notch-mediated re-specification of neuronal identity during CNS development.  
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2. MATERIALS AND METHODS 

2.1. Cloning 

 

pCH-14xUAS:memTagRFP-T: TagRFP-T was subcloned from 5xUAS:TagRFP-T (gift from 

Dr. M. Meyer, King’s College, London, GB) into a 14xUAS:mYFP vector (Mumm et al., 2006) 

using XmaI/NotI. Subsequently, 14xUAS:memTagRFP-T was cloned via PCR (f-primer: 5’-

GGA AAA GCT AGC CCT ATG GAA AAA CGC CAG CAA CGC-3’, r-primer: 5’-CGC CTT 

AAG ATA CAT TGA-3’) into a pColdHeart Tol2 vector (gift from Dr. M. Nonet, Washington 

University, St. Louis, USA) using NheI/ClaI. 

 

pCH-14xUAS:centrin4-YFP,14xUAS:MA-Cerulean: Centrin4-YFP was isolated from 

5xUAS:Centrin4-YFP using EcoRI/ApaI and ligated into the NotI restriction site of 

14xUAS:memCerulean (gift from Drs. S.C. Suzuki and T. Yoshimatsu, University of 

Washington, Seattle, USA). Subsequently, a 14xUAS sequence was cloned in front of the 

Centrin4-YFP using the XhoI restriction site. Finally, the 14xUAS:centrin4-YFP,14xUAS:MA-

Cerulean sequence was subcloned into the pColdHeart Tol2 vector using ApaLI/DraIII. 

 

pCH-5xUAS:Atoh7: The coding sequence of zebrafish atoh7 (atonal bHLH transcription factor 

7) was cloned via PCR (f-primer: 5’- GGA AAA GAA TTC ATG AAG CCC CGC AGG CCG 

AG -3’, r-primer: 5’- GGG CCC GCGGCCGC TCA GAG GCT TTC GTA GTG GT -3’) from a 

plasmid containing full-length athoh7 cDNA (I.M.A.G.E Clone IRBVp5006D093D, Source 

Bioscience) into the 5xUAS:TagRFP-T vector using EcoRI/NotI. Subsequently, 5xUAS:Atoh7 

was excised with AseI/AflII and ligated into the pColdHeart Tol2 vector using blunted 

NheI/ClaI restriction sites. (Cloning was done by Dr. Leanne Godinho and Yvonne Hufnagel).  
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pCH-5xUAS:Ptf1a: The coding sequence of zebrafish ptf1a (pancreas-specific transcription 

factor, 1a) was cloned via PCR (f-primer: 5’- GGA AAA GCG GCC GCC CCG GGA TGG 

ACA CTG TGT TGG ATC CAT TCA and r-primer: 5’- GGA AAA GCG GCC GCC CCG 

GGT TAG GAA ATG AAA TTA AAG GG) from zebrafish cDNA (obtained by reverse 

transcription, Omniscript RT kit, Qiagen) into the 5xUAS:TagRFP-T vector using XmaI/NotI.  

Subsequently, 5xUAS:Ptf1a was released with AseI/AflII and ligated into the pColdHeart Tol2 

vector using blunted NheI/ClaI restriction sites. (Cloning was done by Dr. Leanne Godinho).  

 

pGH-Vsx1:Gal4: The entry clones p5E-Vsx1 (Randlett et al., 2013), pME-Gal4VP16 and p3E-

pA were recombined into the pTol2CG2 vector (Kwan et al., 2007) using the GATEWAY 

system (Invitrogen). (Cloning was done by Drs. S.C. Suzuki and T. Yoshimatsu, University of 

Washington, Seattle, USA). 

 

pCS2 mOrange2-PCNA: mOrange2-PCNA was PCR amplified (f-primer: 5’-GGA AAA CTC 

GAG ATG GAT CCA AAA AAG AAG AGA-3’, r-primer: 5’-GGG CCC TCT AGA CTA 

AGA TCC TTC TTC ATC CTC-3’) from mOrange2-PCNA-19-SV40NLS-4 (plasmid # 57971, 

Addgene) and cloned into the pCS2+ vector using XhoI/XbaI.  

 

pCS2 Centrin4-YFP: Centrin4-YFP was subcloned from 5xUAS:Centrin4-YFP (Distel et al., 

2010) into the pCS2+ vector using EcoRI/ApaI. (Cloning was done in collaboration with Nancy 

Obeng). 
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pGEM-T Easy ribeye a: The first exon of ribeye a was cloned via PCR (f-primer: 5’-TCC AGT 

AAG CAG TTG CCG AT-3’, r-primer: 5’-TCC GGA TGC ATG ACC ATA CC-3’) from a 

plasmid containing full length ribeye a (gift from Dr. T. Nicolson, Vollum Institue, Portland, 

USA) into the pGem-T Easy vector. This vector was used as a template to generate a digoxigenin-

labeled riboprobe. 

 

2.2. Animals 
 

All experiments were performed according to local regulations as approved by the local 

regulatory bodies. Zebrafish were maintained, mated, and raised as described (Mullins et al., 

1994). Embryos were kept in 0.3x Danieau's solution (for recipe see section 2.13) at 28.5°C and 

staged as previously described (Kimmel et al., 1995). Fish were in AB wild-type, Tuebingen 

Long Fin (TLN) or roy orbison (Ren et al., 2002) background. The transgenic lines used are 

listed in Table 2.1. I generated Tg(14xUAS:memTagRFP-T), Tg(UAS:cetn4-YFP,UAS:MA-

Cerulean)tum1, Tg(5xUAS:Ptf1a) and Tg(5xUAS:Atoh7) by Tol2 mediated insertion (Kawakami, 

2004).  
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TABLE 2.1 - Transgenic lines  

Transgenic Line Referred to as Reference 

Tg(vsx1:GFP)nns5 vsx1:GFP (Kimura et al., 2008; Vitorino 

et al., 2009) 

Tg(vsx2:GFP)nns1 vsx2:GFP (Kimura et al., 2006; Vitorino 

et al., 2009) 

Tg(ptf1a:eGFP)jh1  ptf1a:GFP (Godinho et al., 2005) 

Tg(pax6-DF4:gap43-CFP)q01 Q01 (Godinho et al., 2005) 

Tg(gfap:GFP)mi2001 GFAP:GFP (Bernardos and Raymond, 

2006) 

Tg(vsx1:MCerulean)q19 Q19 (Randlett et al., 2013) 

Tg(14xUAS:MYFP) UAS:memYFP (Williams et al., 2010) 

Tg(crx:MA-CFP)q20 crx:mCFP (Suzuki et al., 2013) 

Tg(-1.8ctbp2:gap43-EGFP)lmb1 ctbp2:mEGFP (Odermatt et al., 2012) 

Tg(UAS:myc-notch-intra) UAS:nicd (Scheer and Campos-Ortega, 

1999) 

Tg(T2KTp1bglob:hmgb1-mCherry)jh11 Notch:reporter (Parsons et al., 2009) 

Et(e1b:GAL4)s1101t s1101 (Mason et al., 2009) 

Tg (UAS:Kaede)s1999t UAS:Kaede (Scott et al., 2007) 

Tg(vsx1:Gal4)q26  Q26 Unpublished (Provided by 

Suzuki and Yoshimatsu)  

Tg(UAS:cetn4-YFP,UAS:MA-Cerulean)tum1 CentrinFish Generated (Engerer et al., 

2014) 

Tg(14xUAS:memTagRFP-T) UAS:memTagRFP-T Generated 

Tg(5xUAS:Atoh7) UAS:Atoh7 Generated 

Tg(5xUAS:Ptf1a) UAS:Ptf1a Generated 
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2.3. Genotyping of Q26 crosses 
 

Q26 NICD 

The presence of UAS:NICD was initially determined by immunostaining for the myc-tag (99.1 ± 

0.6% of UAS:mYFP
+
 cells immunostained for the myc-tag; 428 Q26 UAS:mYFP

+
 cells, 3 fish). 

Subsequently, as the expression of UAS:NICD correlated in all fish (12/12) with the exuberant 

growth of BC axonal arbors and the loss of IPL lamination, the Q26 NICD genotype was 

determined by the lamination of the IPL (see also Figure 3.23 and compare the structure of the 

IPL in control and UAS:NICD). 

 

Q26 Ptf1a 

The presence of UAS:Ptf1a was determined by the expression of the ‘ColdHeart’ marker (cyan 

fluorescence of the heart). 

 

Q26 NICD Ptf1a 

The presence of UAS:NICD and UAS:Ptf1a was determined for each transgene as described 

above.  

 

Q26 NICD Atoh7 

The presence of UAS:NICD was determined as described above. The presence of UAS:Atoh7 

was determined by the expression of the ‘ColdHeart’ marker. 
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2.4. mRNA synthesis and injection 
 

Plasmids were linearized (PCNA: NotI, centrin4: ApaI). Capped mRNA was produced using the 

Ambion mMESSAGE mMACHINE kit (Applied Biosystems) according to the manufacturer's 

instructions. mRNA was injected at 100 ng/μl into one or two-cell stage embryos.  

 

2.5. Morpholino injection 
 

Ptf1a (0.5 to 1.0 mM, Gene tools) and p53 (0.02 to 1.0 mM, Gene tools) morpholinos were 

injected with a picospritzer into the yolk of one or two-cell stage embryos. 

 

2.6. In vivo imaging 
 

Embryos were prepared for imaging as described previously (Engerer et al., 2016; Godinho, 

2011): Between 10 and 18 hours post-fertilization (hpf), embryos were transferred to 0.3x 

Danieau’s solution containing 0.003% 1-phenyl-2-thiourea (PTU, Sigma) to inhibit melanin 

formation (Karlsson et al., 2001). At 2 days post-fertilization (dpf), manually dechorionated 

embryos were anesthetized using 0.02% tricaine (PharmaQ) in medium containing PTU and, 

after screening on a dissecting fluorescence scope (Leica), embedded in low-melting agarose (0.7 

– 0.8%, Sigma). Fish were imaged starting at 2 dpf on an Olympus FV1000 confocal/2-photon 

and an Olympus FVMPE-RS 2-photon microscope using water-immersion objectives (Olympus 

20x/NA 0.95, Olympus 25x/NA 1.05, Zeiss 40x/NA 1.0, Nikon 25x/NA 1.1 and Nikon 40x/NA 

0.8) or a silicon-immersion objective (Olympus 30x/ NA 1.05). Embryos were maintained at 

28.5°C during all in vivo recordings. At each time-point z-stacks were acquired of the peripheral 

retina, encompassing its entire circumference.  
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2.7. Immunohistochemistry 
 

Zebrafish embryos were anesthetized using tricaine and fixed in 4% (wt/vol) paraformaldehyde 

(PFA) in 1x PBS at 4°C overnight. For immunostaining on cryosections, an adaptation of a 

previously published protocol was used (Williams et al., 2010): Fixed embryos were washed 

several times in 1x PBS and incubated in 30% (wt/vol) sucrose in 1x PBS overnight. Samples 

were frozen in OCT (Tissue-Tek) and 30 μm coronal sections were cut in a Cryostat (Leica) and 

mounted on SuperFrost Plus slides (Thermo Scientific). Sections were washed several times 

with 1x PBS, incubated for 1 h in blocking serum (normal goat serum 10%, 0.2 to 0.5% Triton 

X-100), and subsequently overnight in one of the following primary antibodies: rabbit anti-pH3 

(1:500, Upstate), mouse anti-pH3 (1:500, Abcam), rabbit anti-Crx (1:500, gift from Dr. P. 

Raymond, University of Michigan, Ann Arbor, USA), chicken anti-GFP (1:500, Abcam) and 

rabbit anti-PKC α/β (1:100, SCBT). After several washes with 1x PBS, sections were incubated 

in the appropriate Alexa dye-coupled secondary antibodies (1:1000, Invitrogen) for 1 h and 

finally mounted in Vectashield. For Crx immunostaining, an antigen retrieval step (two to ten 

minutes at 98°C in sodium citrate buffer; 10mM sodium citrate, 0.05% Tween 20, pH 6.0) was 

performed prior to primary antibody incubation.  

For immunostaining on whole-mounts, an adaptation of a previously published protocol was 

used (Hunter et al., 2011): Following fixation and washes in 1x PBS, embryos were incubated in 

0.25% Trypsin in 1x PBS on ice for 3 to 9 min. Embryos were then washed several times in 1x 

PBS, incubated for 1 h in 0.4% Blocking reagent (Roche) and subsequently in the primary 

antibody for two days at 4°C. Primary antibodies used were mouse or rabbit anti-pH3 (1:200), 

chicken anti-GFP (1:1000, Abcam) and mouse anti-myc (1:100, Sigma). Following several 

washes in 1x PBS, embryos were incubated in appropriate Alexa dye-coupled secondary 
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antibodies overnight (1:500, Invitrogen). DAPI (2 µg/ml, Roche) was added to the final washes 

in 1x PBS. Fish were mounted in low-melting agarose as for in vivo imaging. 

 

2.8. In situ hybridization 
 

In situ hybridizations were performed to detect the expression of ribeye a mRNA: Transgenic 

ctbp2:mGFP embryos were fixed in 4% PFA in 1x PBS overnight and subsequently dehydrated 

in a methanol series from 25% methanol in PBT (PBS with 0.1% Tween) to 100% methanol, 

and stored at -20°C. Following rehydration through a reverse methanol/PBT series, embryos 

were treated with proteinase K (10 µg/ml) at room temperature for 15 min and post-fixed in 4% 

PFA in 1x PBS for 20 min. They were pre-hybridized in HYB
+
 (50% formamide; 5x SSC; 50 

μg/ml heparin; 0.5 mg/ml yeast t-RNA; 0.1% Tween-20; 9.2 mM citric acid, pH 6.0) for 1 h at 

68°C. Hybridization with the digoxygenin-labeled ribeye a riboprobe in HYB
+
 was performed 

overnight at 68°C. Washes were performed at 68°C every 10 min with a mixture of HYB
- 
(65% 

formamide; 5x SSC; 0.1% Tween-20) and 2x SSC in the following sequence: 75% HYB
-
,
 
25% 

2x SSC, followed by 50% HYB
-
, 50% 2x SSC; and subsequently with 25% HYB

-
 , 75% 2x SSC.  

Finally, embryos were washed in 2x SSC (twice for 30 min each at 68°C). Subsequent washes 

were performed at room temperature in 0.05x SSC, 50% 0.05x SSC; 50% PBT and finally PBT 

(each for 5 min), before incubating in block buffer (PBT; 2% normal goat serum; 2mg/ml bovine 

serum albumin) for 1 h. Fab fragments of anti-digoxygenin-alkaline phosphatase antibody 

(Roche) were preadsorbed in block buffer (1:100) for 24 h and diluted at a final concentration of 

1:5000 in block buffer. Following 2 h incubation in the anti-digoxygenin antibody at room 

temperature, embryos were washed several times in PBT and subsequently left in PBT 

overnight. On the next day, embryos were rinsed in NTMT (100 mM Tris-HCl pH 9.5; 50 mM 
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MgCl2, 100 mM NaCl; 0.1% Tween-20), and alkaline phosphatase activity was revealed using 

Fast Red TR/Napthol AS-MX (Sigma) to obtain a red fluorescent precipitate. Following 

extensive washes in PBT, embryos were immunostained for GFP and pH3, mounted in low-

melting agarose as for in vivo imaging. (In situ hybridizations were performed in collaboration 

with Dr. Prisca Chapouton, Helmholtz Zentrum, München, Germany)  

 

2.9. Hydroxyurea-aphidicolin treatment 
 

Hydroxyurea (Sigma) and aphidicolin (BioViotica) were used at a final concentration of 20 mM 

and 150 µM respectively in 0.3x Danieau’s containing 1.0 - 1.7% DMSO. Embryos were 

injected with a p53 morpholino to ameliorate HUA induced apoptosis (Girdler et al., 2013). At 2 

dpf embryos were mounted in agarose as described for in vivo imaging above, but leaving the 

tail fin un-embedded for better drug access. Retinas were imaged for one time-point prior to 

HUA administration. The 0.3x Danieau’s medium was replaced with HUA-containing medium 

and time-lapse recording was immediately resumed. Recordings were generally limited to <16 h 

after HUA addition as high levels of cell death were observed thereafter. 

 

2.10. DAPT treatment 
 

DAPT {N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl ester (Enzo)} was 

used at a final concentration of 50 µM in 0.3x Danieau’s containing 1 % DMSO. Embryos were 

injected with a p53 morpholino (Gene Tools) at the one or two cell-stage to ameliorate DAPT 

induced toxicity (Girdler et al., 2013). At 2 dpf embryos were transferred into DAPT containing 

medium (or DMSO containing medium as a control) and incubated for approximately 20 h 

before analysis. 
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2.11. Statistics 
 

Mean values and standard error of the mean (SEM) were calculated using Microsoft Excel. The 

Mann–Whitney U test was used to compare datasets with GraphPad Prism 5. Data are presented 

as mean ± SEM. p-values <0.05 are denoted with ‘*’, <0.01 with ‘**’ and <0.001 with ‘***’. For 

multiple comparisons, the significance of p-values were corrected according to the FDR principle 

(Benjamini and Hochberg, 1995). 

 

2.12. Image processing 
 

Images were viewed and processed using open-source ImageJ/Fiji software (http://fiji.sc). Image 

panels were assembled in Photoshop CS5 (Adobe) and combined into figures using Illustrator 

CS5 (Adobe). The “Gaussian blur” function was used to filter noise for clarity. Unless noted 

otherwise, the gamma-value was not adjusted. 

 

2.13. Data analysis 
 

Estimation of post-mitotic cells in the laminated region of the retina 

I calculated the percentage of post-mitotic cells (y) in a given area by  

y =
2x

(1 − x) + 2x
 

where x is the percentage of vsx1
+
 progenitors that have undergone mitoses. Given the ratio of 

cells dividing in the immature and mature part of the retina is approximately 60:40, I could 

calculate that the average mitotic vsx1
+
 cell in the mature region will have 88.9% post-mitotic 
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vsx1
+ 

cells in the surround, with numbers ranging from 75% to 100% of post-mitotic vsx1
+
 cells 

for individual vsx1
+
 progenitors that divide in the mature region. 

Quantification of apically and non-apically dividing cells in vsx1:GFP sections 

To label cell membranes and clearly visualize the OPL and IPL in the retina, 2 dpf vsx1:GFP 

zebrafish embryos were incubated with the vital dye CellTrace BODIPY Texas Red methyl ester 

(Invitrogen) according to the manufacturer’s instructions. Embryos were then fixed and 

processed for pH3 immunostaining (rabbit pH3 antibody) on cryosections as described above. 

Regions of the retina were assigned to be ‘unlaminated’ or ‘laminated’ based on the absence or 

presence respectively of a clearly discernable OPL and IPL. In each region we quantified the 

proportion of vsx1
+
pH3

+ 
double-positive

 
cells dividing apically and non-apically (at least one cell 

diameter away from the apical surface). The area between clearly ‘unlaminated’ and ‘laminated’ 

regions of the retina, which we refer to as ‘intermediate’, was excluded from analysis. 

Comparison of vsx1:GFP fluorescence intensity of dividing progenitors and cells in their 

vicinity  

Fluorescence intensities were measured on retinal sections from 2 dpf vsx1:GFP zebrafish that 

were immunostained with pH3 antibodies to label cells in G2/M-phase. For each vsx1
+
 dividing 

cell (vsx1:GFP
+
 pH3

+
 double-positive), GFP fluorescence in a region of interest (ROI) 

encompassing the soma in a single image plane of a confocal stack was measured and the 

background fluorescence averaged from three nearby vsx1
- 

cells was subtracted to correct for 

auto-fluorescence and potential out-of-focus contributions. To calculate the fluorescence intensity 

of cells in the vicinity, 12 vsx1:GFP
+
 pH3

-
 cells were randomly chosen. Typically, surrounding 

cells were immediately adjacent to the mitotic cell (one to three somata away). However, the 

density of vsx1
+
 cells was low in some instances in the unlaminated retina and therefore 
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surrounding cells needed to be selected farther afield. For comparison across different samples, 

fluorescence intensity values were normalized to the peak vsx1:GFP fluorescence intensity of 

BCs from the same section.  

Comparison of Crx fluorescence intensity of mitotic vsx1
+
 cells and surrounding vsx1

+
 cells 

Vsx1:GFP retinal sections were stained for Crx and pH3 as described above. Similar to the 

comparison of fluorescence intensities in mitotic vsx1
+
 cells and the post-mitotic cells in their 

surround (described above), the average fluorescence intensity of the Crx stained cells was 

compared between a mitotic (pH3
+
) vsx1

+
 cell and 5 surrounding vsx1

+
 cells. For comparison 

across different samples, fluorescence intensity values were normalized to the peak Crx 

fluorescence intensity of photoreceptors from the same section. 

 Comparison of apical process retraction in mitotic Q26 cells and surrounding, post-mitotic 

Q26 cells  

The retinas of Q26; UAS:memYFP transgenic zebrafish were imaged in vivo starting at 2 dpf. In 

some experiments, we counterstained embryos with the vital dye CellTrace BODIPY Texas Red 

methyl ester (Invitrogen) or performed the experiments in the background of Q01 transgenic fish, 

both of which permit visualizing the overall retinal architecture. We determined the time interval 

between when vsx1
+
 progenitors retracted their cytoplasmic process from the apical surface and 

when they underwent mitotic division. At both time-points (i.e. retraction of the apical process 

and mitotic division) the presence or absence of an apical process was scored for at least five 

surrounding, post-mitotic Q26 cells (see also Figure 2D). During the course of a time-lapse 

recording, increasingly more BCs became visible due to the initiation of Q26 transgene 

expression in these cells. Given their proximity to the progenitor, the emerging Q26 BCs were 

additionally used for quantification at the mitosis time-point. 
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Quantification of interkinetic nuclear migration 

The somal movements of vsx1
+
 progenitors and post-mitotic cells were tracked by time-lapse 

imaging in the vsx1:GFP or Q26; UAS:memYFP lines. The position of vsx1
+
 progenitors in the 

unlaminated regions of the retina was determined by the ratio of the distance between the most 

apical part of the soma and the (emerging) IPL, and the distance between the apical surface and 

IPL.  

𝑥 =  
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠𝑜𝑚𝑎−𝐼𝑃𝐿

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑎𝑝𝑖𝑐𝑎𝑙−𝐼𝑃𝐿
 

The position of vsx1
+
 progenitors in the laminated regions and their neighboring post-mitotic BCs 

was determined by calculating the ratio of the distance between the most apical part of the soma 

and the IPL, and the distance between the OPL and IPL.  

𝑥 =  
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑠𝑜𝑚𝑎−𝐼𝑃𝐿

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑂𝑃𝐿−𝐼𝑃𝐿
 

To determine an average trajectory and correct for differing imaging intervals between 

recordings, higher resolution recordings were down-sampled to 15 min intervals by linear 

interpolation. 

Cell-cycle staging based on PCNA nuclear expression pattern 

We used the nuclear expression pattern of mOrange2-labeled PCNA (mRNA-based expression 

construct) to determine the phase of the cell-cycle vsx1
+
 progenitors were in (Leonhardt et al., 

2000; Leung et al., 2011). We classified cells as being in the beginning of late S phase when we 

could unambiguously identify fluorescent granules in the nucleus. As cells progressed through 

late S phase, individual granules became larger but their overall number decreased. The 

beginning of G2 phase was marked by the sudden disappearance of granules. Entry into M phase 
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was marked by a noticeable loss of fluorescence in the nucleus and its diffusion into the entire 

cell due to nuclear membrane breakdown.  

Quantification of cell-cycle delay following HUA treatment 

Vsx1:GFP embryos were injected at the one or two cell stage with mOrange2-PCNA mRNA and 

p53 morpholino. For control (non-HUA treated) fish, the interval between the beginning of late 

S phase and the beginning of M phase was measured (tcontrol = tM phase – tS phase = 142.4 ± 3.8 min). 

This interval was also measured for HUA treated fish (tHUA = tM phase – tS phase). The HUA induced 

delay was calculated by subtracting the average interval between late S and M phases of control 

fish from the observed interval for each HUA treated progenitor (tdelay = tHUA – tcontrol). Since all 

the HUA treated progenitors we used for quantification were in late S phase, but not necessarily 

at the beginning of late S phase as was the case in the control group, the HUA induced delay in 

cell-cycle progression could be underestimated. 

Prediction of mitosis location in HUA-treated retinas 

Dr. Leanne Godinho or myself were first given time-lapse datasets of control vsx1:GFP 

progenitors (no HUA treatment) to ascertain if the location of mitosis (apical or non-apical) 

could be predicted well before the mitotic division actually took place. The scorers were shown 

images from time-points in which the progenitor cell somata were elongated and located in the 

INL and when the mitotic division was known to occur within the next hour. Based on the 

general retinal cytoarchitecture of the region in which the progenitor was located, the 

morphology of the progenitor and the relative levels of vsx1:GFP fluorescence, scorers predicted 

the location of division with a high degree of accuracy (19 out of 22 instances). Progenitors that 

were located within an unlaminated region of the retina, had a cytoplasmic attachment to the 

apical surface and had relatively low levels of GFP were predicted to divide at the apical surface. 
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Conversely, progenitors within a laminated region and relatively high levels of GFP were 

predicted to divide in the INL. Scorers were then given time-lapse datasets of HUA-treated 

vsx1:GFP progenitors and asked to predict whether cells would undergo mitotic division at 

apical or non-apical locations, using the same criteria as for the control datasets.  

Cell type classification of Q26
+
 cells 

Q26
+
 cells were classified as BC or AC based on neurite morphology (presence or absence 

respectively of an apical process) and position of the soma (lower or upper part of the INL). To 

obtain the AC-BC ratio of different Q26 genotypes, a maximum intensity projection (MIP) of a 

few imaging planes (typically 5) was obtained, and all Q26
+
 cells (at least 70 per retina) in the 

MIP were classified. Q26
+
 divisions were classified as BC-BC, AC-BC or AC-AC based on the 

criteria described above. Q26
+
 progenitors which divided close to the end of a time-lapse 

recording (typically less than 6 hours prior to the end of the experiment) were excluded from 

analysis, if their daughter cells failed to establish an unambiguous cellular morphology. 

Quantification of Kaede recovery in photo-converted Q26
+
 cells 

A tornado scan with 405 nm laser light was used to photo-convert Kaede in a local patch of Q26
+
 

cells (the diameter of the photo-converted area was approximately equal to the apico-basal extent 

of the INL). After photo-conversion, fish were unmounted and kept in the dark at 28.5°C until 

successive imaging time-points (after 24 h and 48h). Recovery of green fluorescent Kaede 

protein in Q26
+
 ACs was assessed qualitatively as present (i.e. obvious gain in the green 

fluorescence channel similar to the surrounding Q26
+
 BCs) or absent (i.e. no obvious gain in the 

green fluorescence channel similar to the surrounding Q26
+
 BCs). 
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Quantification of Notch:reporter levels in Q26
+
 cells 

Notch:reporter (Tg(T2KTp1bglob:hmgb1-mCherry)jh11) fish express nuclear-targeted mCherry 

fluorescent protein in response to Notch activity (Parsons et al., 2009) Notch:reporter 

fluorescence intensity levels were determined in Q26
+
 ACs and their potential sibling BCs. If at 

least one of the Q26
+
 cells had a fluorescence intensity level twice above the background, the 

cell group was used for analysis (34/77 cell groups could be used). To classify a cell group as 

‘AC high’, ‘BC high’ or ‘equal’, the Notch:reporter levels in the Q26
+
 AC were compared to the 

surrounding Q26
+
 BC with the highest Notch:reporter levels. If the Q26

+
 AC had twice the 

brightness of the Q26
+
 BC, the group was classified as ‘AC high’ (AC > BC). Similarly, in cases 

in which the Q26
+
 BC had twice the brightness of the Q26

+
 AC, the group was classified as ‘BC 

high’ (AC < BC). Otherwise (i.e. no cell had at least twice the fluorescence intensity of the 

other) the group was classified as ‘equal’ (AC = BC). 

Quantification of marker expression in Q26
+
 ACs 

The expression of crx:mCFP, ctbp2:GFP, gfap:GFP, ptf1a:GFP and vsx1:GFP in all Q26
+
 ACs 

was determined qualitatively as expressed (i.e. the presence of a marker
+
 AC could be detected 

independently in the image channel of the marker, or in case of vsx1:GFP was similar to 

surrounding BCs) or not expressed (i.e. the AC could not be detected in the image channel of the 

marker, or in case of vsx1:GFP was not similar to surrounding BCs).   

Quantification of DAPT treatment 

The effect of DAPT treatment was quantified in two independent quadrants of the peripheral 

retina of vsx1:GFP fish. In a given quadrant, the total number of vsx1:GFP
+
 ACs (i.e. with a 

brightness similar to surrounding BCs; see above) were counted in 10 z-planes (i.e. 17 µm). 
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2.14. Solutions and buffers 

 

Danieau’s solution 

Reagent Quantity for 1 l of 30x concentrated solution 

NaCl (Sigma, S7653) 101.7 g 

KCl (Sigma, P9541) 1.56 g 

MgSO
4
*7H2O (Sigma, 230391) 2.96 g 

Ca(NO3)2 (Sigma, 202967) 4.25 g 

HEPES (Sigma, H3375) 35.75 g 

Distilled water Up to 1 l 

Adjust pH to 7.6  

 

Stock stored at 4°C. Used as a 0.3x working solution. 

 

Tricaine (3-Aminobenzoic Acid Ethyl Ester Methanesulfonate) 

Reagent Quantity for 100 ml 20x concentrated stock 

Tricaine (PharmaQ) 400 mg 

1M Tris pH 9 2.1 ml 

Distilled water Up to 100 ml 

Adjust pH to 7  

 

Aliquots stored at -20°C. Used at 1x working solution in 0.3x Danieau’s solution. 
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PTU (1-phenyl-2-thiourea) 

Reagent Quantity for 100 ml 50x concentrated stock 

PTU (Sigma, P7629) 152 mg 

Distilled water Up to 100 ml 

 

Aliquots stored at -20°C. Used at 1x working solution in 0.3x Danieau’s solution. 

 

PBS 

Reagent Quantity for 1 l 10x concentrated solution 

KH2PO4 (Sigma, P9791) 2.4 g 

Na2HPO4*2H2O (Roth, 4984.1) 17.8 g 

KCl (Sigma, P9541) 2 g 

NaCl (Sigma, S7653) 80 g 

Distilled water Up to 1 l 

Adjust pH to 7.4  

 

Stock stored at room temperature. Used as 1x working solution. 

 

30% Sucrose  

Reagent Quantity for 100 ml 1x solution 

Sucrose (Roth, 4661.1) 30 g 

1x PBS Up to 100 ml 
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4% Paraformaldehyde (PFA) 

Reagent Quantity for 1 l 10x concentrated solution 

PFA (Sigma, P6148) 40 g  

 

NaOH (Roth, KK71.1)  125 µl 

10x PBS 100 ml 

Distilled water Up to 1 l 

 

PFA, NaOH and H2O were mixed on a heating plate at 50-60°C until the solution turned clear. 

PBS was added and the pH adjusted to 7.2 - 7.5. After the solution was filtered, aliquots of 4% 

PFA were stored at -20°C. 

 

Sodium Citrate buffer 

Reagent Quantity for 1 l 1x solution 

Na3C6H5O7 (Roth, 4088.3) 2.94 g 

Tween 20 (Roth 9127.1) 500 µl 

Distilled water Up to 1 l 
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3. RESULTS 

3.1. Uncoupling of neurogenesis and differentiation during CNS development 

3.1.1. Vsx1
+
 progenitors undergo mitosis in different proliferative zones and match the 

expression of molecular markers of surrounding post-mitotic BCs 
 

To investigate the stereotypy of the developmental program in progenitors, I aimed to study the 

molecularly-defined vsx1 progenitor population and compare individual progenitors thereof at the 

stage of mitosis. To this end, I used a transgenic line in which vsx1 regulatory elements, derived 

from a bacterial artificial chromosome (BAC), drive the expression of cytosolic GFP (vsx1:GFP) 

(Kimura et al., 2008). In the zebrafish retina, vsx1 is reported to be expressed at low levels in the 

vast majority of committed BC progenitors, up-regulated during BC differentiation and 

maintained at high levels in the vast majority of mature BCs (Vitorino et al., 2009). To 

corroborate the expression dynamics of vsx1 in progenitor cells and post-mitotic BCs, I examined 

vsx1:GFP expression along the developmental gradient of the retina
 
in a single field of view

4
. At 

2 dpf I found low levels of GFP expression in the immature, unlaminated part of the retina in 

which vsx1:GFP
+
 (henceforth referred to as vsx1

+
) cells span the entire thickness of the retinal 

neuroepithelium, indicative of both progenitors and post-mitotic, undifferentiated BCs (Morgan 

et al., 2006; Randlett et al., 2013) (Figure 3.1 A, ‘unlaminated’). In contrast, vsx1
+
 cells in the 

more mature, laminated region of the retina showed high levels of GFP expression and confined 

their processes to the IPL and OPL, indicative of post-mitotic, differentiated BCs (Fig. 3.1 A, 

‘laminated’). Taken together, these differences in vsx1 expression levels and morphologies along 

the developmental gradient suggest that progenitors divide in the immature, unlaminated region 

of the retina and that subsequently neuronal differentiation takes place to form the mature, 

laminated retina. 

                                                           
4 See also Figure 1.2 for the developmental gradient of the retina 
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Figure 3.1 - Vsx1
+
 progenitors undergo mitosis in different proliferative zones and match vsx1:GFP expression 

of the post-mitotic BCs in their vicinity. 

(A, B) Confocal images of a coronal cryostat section from a 2 dpf vsx1:GFP retina with immature, unlaminated 

(‘unlaminated’, orange) and mature, laminated regions (‘laminated’, cyan). (A) vsx1:GFP; (B) vsx1:GFP shown in 

conjunction with pH3 antibody staining to label cells undergoing mitosis. (C, D) High magnification images of (C) 

an apically dividing vsx1
+
 progenitor (orange arrowhead) in an unlaminated region where cells span the entire 

thickness of the retina and express GFP weakly and (D) a non-apically dividing vsx1
+
 progenitor (blue arrowhead) in 

a laminated region where cells confine their processes to the OPL and IPL (dashed lines) and express high levels of 

GFP. Cellular membranes are labeled with BODIPY methyl ester in C and D. (E) Quantification of vsx1
+
 progenitor 

mitoses at apical (lightly-shaded) and non-apical (darkly-shaded) locations in the unlaminated (‘un’, orange) and 

laminated (‘lam’, cyan) retina. 1391 mitotic divisions, 80 sections from at least 14 fish. (F) Quantification of 

vsx1:GFP fluorescence intensity of progenitors in the unlaminated and laminated retina. 86 progenitors, 43 sections 

from at least 13 eyes, p ≤ 0.0001. (G) Correlation of vsx1:GFP fluorescence intensity in progenitors and their 

surrounding cells in the unlaminated (orange circles) and laminated (cyan circles) regions of the retina. 86 

progenitors from 43 sections from at least 13 eyes, r
2
= 0.78. Inset: Analysis for all pH3

+
cells (n=13) from a single 

section. Scale bar A-D 10 µm. 
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To my surprise, however, immunostaining of vsx1:GFP retinae for the mitosis marker 

phosphorylated histone H3 (pH3) revealed that vsx1
+
 pH3

+
 cells are not limited to the 

unlaminated part of the retina (Figure 3.1 B). In addition to the apically located vsx1
+
 pH3

+
 cells 

of the unlaminated retina (Figure 3.1 C), I also found substantial numbers of vsx1
+ 

pH3
+
 cells 

which were located in the INL of the laminated retina (Figure 3.1 D, E). Thus not only post-

mitotic BCs reside in the laminated regions of the retina but also BC progenitors which undergo 

mitoses at non-apical sites. As previous reports suggested that non-apically dividing progenitor 

cells can show signs of precocious neuronal differentiation (Attardo et al., 2008; Godinho et al., 

2007), I next asked whether vsx1
+
 progenitors in the laminated retina undergo neuronal 

differentiation similar to surrounding, post-mitotic BCs
5
. To this end, I first quantified GFP levels 

during mitotic division in vsx1
+
 pH3

+
 progenitors in the unlaminated and laminated regions of the 

developing retina and found a striking (3.8-fold) increase in GFP levels for progenitors dividing 

in the laminated part of the retina (Figure 3.1 F). Remarkably, when I compared individual vsx1
+
 

pH3
+
 progenitors to surrounding vsx1

+
 pH3

- 
cells, I revealed a tight correlation of GFP levels in 

pH3
+
 progenitors and pH3

-
 surrounding cells across the entire developmental gradient (r

2
= 0.78, 

Fig. 3.1 G). To corroborate this finding, I performed in vivo time-lapse recordings of vsx1:GFP 

retinae, in which a parallel increase of GFP levels in dividing vsx1
+
 progenitors and surrounding 

vsx1
+
 cells was observed (Fig. 3.2). Taken together, I found that BC progenitors do not have a 

single, constant level of vsx1 promoter activity but rather that they form a large continuum in 

lock-step with surrounding vsx1
+
 cells. Accordingly, at least with regard to vsx1 expression, vsx1

+
 

progenitors of the mature retina are more similar to their post-mitotic BC neighbors than to vsx1
+
 

progenitors of the immature retina 

                                                           
5
 On average, approximately 90% of the vsx1

+
 cells in the laminated retina are estimated to be post-mitotic; for 

calculation see Materials and Methods. 
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Figure 3.2 - In vivo time-lapse recording of dividing BC progenitors in a vsx1:GFP retina. 

(A) Confocal in vivo image of a 2 dpf vsx1:GFP retina. Expression of GFP follows the retinal differentiation 

gradient, appearing first in the ventro-nasal patch and subsequently in the nasal, dorsal and temporal parts of the 

retina. (B) Time-lapse images of the boxed region in A. Left panels represent the raw levels of GFP fluorescence 

(‘Fire’ look-up table). Right panels depict GFP fluorescence adjusted for better visualization (grey). Dashed circles 

mark mitotic events. (C) Individual mitotic events marked in B at progressively later times during development. GFP 

fluorescence levels of the mitotic progenitors and that of 6 surrounding cells. Orange circles represent apical mitotic 

divisions; cyan circles represent non-apical mitotic divisions; grey squares represent individual surrounding cells; 

black squares represent average fluorescence of surrounding cells. Scale bar A, B 10 µm. 
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To further establish that the molecular differentiation of vsx1
+
 progenitors differs profoundly 

between unlaminated and laminated parts of the retina but matches the differentiation state of 

surrounding vsx1
+
 cells, I focused on two additional markers of BC differentiation: (1) Cone-rod 

homeobox (Crx) and (2) Ribeye a. 

The transcription factor Crx is expressed in mature photoreceptors and BCs (Liu et al., 2001b; 

Shen and Raymond, 2004). In the unlaminated retina, antibody staining for Crx revealed little or 

no expression in vsx1
+
 progenitors (pH3

+
) and surrounding vsx1

+
 cells (pH3

-
). In the laminated 

retina, however, antibody staining for Crx revealed high levels of expression in vsx1
+
 progenitors 

and surrounding post-mitotic vsx1
+ 

BCs (Figure 3.3 A). Similar to the correlation of GFP levels 

in vsx1:GFP (Figure 3.1 F), the intensity of Crx antibody staining in vsx1
+
 progenitors along the 

differentiation gradient strongly correlated with that of the vsx1
+
 cells in their immediate 

surround (r
2
= 0.87, Fig. 3.3 B). Additionally, I performed time-lapse imaging recordings of a 

crx:mCFP transgenic fish line, in which I could regularly observe non-apically dividing 

crx:mCFP
+
 progenitors in the laminated part of the retina (n = 97 divisions in 4 fish), Figure 3.3 

C, D).  

Finally, I analyzed the expression of Ribeye a, a structural protein of ribbon synapses in PRs and 

BCs (Wan et al., 2005). As expected, ribeye a mRNA was not present in the unlaminated retina, 

suggesting that both vsx1
+ 

progenitors and post-mitotic, undifferentiated BCs in the immature 

retina do not express ribeye a. In contrast, ribeye a mRNA was found in pH3
+
 and pH3

-
 cells 

located in the INL of the laminated retina, suggesting that both vsx1
+ 

progenitors and post-

mitotic, differentiating BCs in the mature retina express ribeye a (Figure 3.4 A, B). Using 

ctbp2:mGFP (Odermatt et al., 2012), a stable transgenic line designed to report ribeye a 

expression in BCs, I observed little or no fluorescence in the unlaminated retina, but prominent 

expression in BCs in the laminated retina (Figure 3.4 A). In time-lapse recordings, I could 
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regularly observe ctbp2:mGFP
+
 cells dividing at non-apical locations, giving rise to BCs (n = 87 

divisions in 2 fish, Figure 3.4 C). Hence, even with regard to a marker linked to synaptic 

structures, I revealed that BC progenitors co-differentiate with post-mitotic BCs in the surround.  

 

Figure 3.3 - BC progenitors dividing in the laminated retina express Crx. 

(A) Confocal images of a coronal cryostat section from a 2 dpf vsx1:GFP retina immunostained with antibodies 

against pH3 and Crx. Vsx1
+
 progenitors (GFP

+
 pH3

+
) are Crx negative (orange arrowheads) in the unlaminated retina 

(left panels), and are Crx positive (cyan arrowhead) in the laminated retina (right panels). (B) Correlation of Crx 

antibody staining intensity between mitotic vsx1
+
 progenitors and surrounding vsx1

+
 cells. 38 progenitors, 10 sections 

from at least 5 eyes, r
2
= 0.87; orange circles represent apical mitoses, cyan circles represent non-apical mitoses. (C) 

In vivo image of a 2 dpf crx:mCFP retina. Expression of mCFP in the INL is largely limited to the ‘laminated’ region 

(blue bar above the figure panel) of the retina while only photoreceptors are labeled in the unlaminated parts of the 

retina (orange bar above panel). One mitotic crx:mCFP
+
 progenitor (arrowhead) can be seen in the laminated region, 

which expresses crx stronger than surrounding BCs. (D) In vivo time-lapse of a crx:mCFP
+
 progenitor undergoing 

mitotic division (pseudo-colored cyan) in the INL of a 2 dpf embryo. 97 such divisions were observed in 4 time-

lapse recordings of a total of 32.1 h.  Scale bar A, C, D, 10 µm. 
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Figure 3.4 - BC progenitors dividing in the laminated retina express ribeye a. 

(A) Contrast inverted confocal images of an eye from a 2 dpf ctbp2:mGFP transgenic fish immunostained to 

visualize GFP (left panel) and processed for fluorescence in situ hybridization to detect expression of a ribeye a 

specific exon (right panel). (B) Confocal images of a 2 dpf ctbp2:mGFP retina labeled to detect GFP, pH3 and 

ribeye a  mRNA. A ribeye a
+ 

pH3
+
 non-apically dividing progenitor (magenta arrowheads, middle panel) can be 

seen in a laminated region of the retina (blue bars above panels). (C) ctbp2:mGFP
+
 progenitor cell undergoing 

mitotic division (pseudo-colored cyan) in the INL during an in vivo time-lapse recording of a 2 dpf retina. 87 such 

divisions were observed in 2 time-lapse recordings totaling 32.8 h. Scale bar A-C, 10 µm. 
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3.1.2. Progenitor morphology and cell biology correspond to the surrounding post-mitotic 

bipolar cells 

 

I next asked whether the similarity of vsx1
+
 progenitors and surrounding (post-mitotic) cells 

extended beyond molecular markers to cellular morphology and kinetics. To be able to 

unambiguously study the developmental trajectory of individual vsx1
+
 progenitors in vivo by 

time-lapse imaging, I used a transgenic Gal4-driver line (referred to as Q26) which uses a 3.2 kb 

fragment upstream of the vsx1 gene as a promoter element (unpublished line, provided by Drs. S. 

Suzuki and T. Yoshimatsu, University of Washington, USA). Q26 drives Gal4 expression in a 

subset of vsx1
+
 cells and thus allows for labeling of individual vsx1

+
 progenitors and post-mitotic 

BCs if crossed to a UAS:XFP reporter fish. Since expression in Q26 is virtually only present in 

the mature part of the retina, the vast majority of progenitor cell divisions occurred in the 

laminated retina at non-apical locations (Figure 3.5).  

Figure 3.5 - Characterization of BC subset transgenic line Q26. 

(A) Confocal in vivo image of a 2 dpf retina from a vsx1:GFP; Q26; UAS:memTagRFP-T compound transgenic fish. 

Q26 drives transgene expression in BCs later than vsx1:GFP. Expression of Q26 is initiated in the intermediate 

region between unlaminated (orange bar over panel) and laminated (cyan bar) parts of the retina and becomes robust 

in the laminated region. In addition to BCs, a single AC is labeled in the field of view (orange dot). The Q26
+
 AC is 

vsx1:GFP negative. Scale bar 10 µm. (B) Quantification of the percentage of Q26
+
 progenitor divisions occurring 

during in vivo time lapse recordings at apical (grey) and non-apical (black) locations. 158 progenitors, 20 fish. 
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The vast majority of non-apically dividing Q26
+
 progenitor cells had confined their cytoplasmic 

processes to the OPL and IPL during mitosis (97.1 ± 1.5%; Figure 3.6 A, B), as is characteristic 

for post-mitotic, differentiated BCs of the mouse and zebrafish retina (Morgan et al., 2006; 

Randlett et al., 2013). None of the non-apically dividing Q26
+
 progenitor cells spanned the entire 

thickness of the retina during mitosis, as is the case for progenitors undergoing mitosis at the 

apical surface (Das et al., 2003; Miyata et al., 2004; Noctor et al., 2004). Prior to mitotic division, 

however, the cytoplasmic processes of non-apically dividing progenitors are not limited to the 

OPL and IPL (Figure 3.6 A at -89’). Therefore, I asked whether the remodeling of the 

cytoplasmic processes to the synaptic layers occurs in a fixed time-window in relation to mitotic 

division. When I focused my analysis, for technical reasons
6
, on the retraction of the apical 

process, I found that its remodeling to the OPL occurred over an extended period of time prior to 

mitotic division (18 min to > 9 h, Figure 3.6 C). In contrast, for apically dividing BC progenitors 

of the unlaminated retina, the remodeling of the apical process to the OPL was a post-mitotic 

event which similarly occurred over an extended period of time following mitotic division (a few 

min to > 8 h). Thus, a single differentiation step, the remodeling of the apical process to the OPL, 

can occur either pre- or post-mitotically, with a time span of more than 17 hours relative to 

mitosis. Notably however, time-lapse recordings suggested that apical process remodeling is 

locally coordinated. When I identified Q26
+
 progenitors that had just confined their apical 

process to the OPL and asked whether post-mitotic BCs in the immediate vicinity had also done 

the same (Figure 3.6 D), I found that on the population level apical process remodeling occurred 

concurrently (Figure 3.6 E)
7
. Moreover, once confined to the OPL and IPL, the apical and basal 

                                                           
6
 I did not quantify the retraction of the basal process, as this event was only observable for 3/122 Q26

+
 progenitors. 

7
 Since whether an individual BC has an apical process or not is a binary event, the statistics of process retraction can 

be described by a Bernoulli distribution. Accordingly, in case of concurrent remodeling, ~50% of the BCs 

surrounding a progenitor cell should have an apical process.  
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processes of Q26
+
 progenitors could form prominent arborizations. These arbors were transient 

(i.e. they were lost prior to mitosis), but were indistinguishable from the dendritic and axonal 

arborizations formed by the surrounding post-mitotic nascent BCs (Figure 3.7 B and 3.9 C).  

 

Figure 3.6 - Morphological rearrangement of vsx1+ progenitors matches surrounding BCs. 

(A) Confocal in vivo time-lapse recording of a retina (Q26; UAS:memYFP) showing a non-apically dividing vsx1
+
 

progenitor (pseudo-colored cyan) with processes restricted to the OPL and IPL (dashed lines) during mitosis (0’). 

The last time-point at which an apical process (open arrowhead) is detected is 89 min prior to mitosis. (B) 

Quantification of the distinct morphologies adopted by non-apically dividing vsx1
+
 progenitors at mitosis entry (122 

progenitors, 17 fish). Open arrowheads indicate cytoplasmic processes extending beyond the synaptic layers (OPL 

and IPL, dashed lines). (C) Quantification of the time interval between retraction of the apical process (triangle) and 

mitosis (cyan circle) of non-apically dividing vsx1
+
 progenitors shows a range from 18 min to more than 540 min. As 

only mitosis, but not process retraction was observed for the progenitor depicted with small cyan dots, 540 min is the 

lowest estimate. 18 progenitors from 11 fish. (D) Schematic of apical process retraction (triangle) in a non-apical 

vsx1
+
 progenitor (cyan soma) and the presence or absence of apical processes in the surrounding BCs. (E) 

Quantification of the percentage of surrounding BCs without an apical process at the time when pre-mitotic vsx1
+
 

progenitors undergo apical process retraction (triangle, 60.3 ± 6.6%) and at the time when these progenitors undergo 

mitosis (cyan circle, 95.1 ± 1.7%). 17 progenitors, 10 fish.  Scale bar in A 10 µm. 
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Next, I examined whether vsx1
+
 progenitors undergo interkinetic nuclear migration (IKNM), an 

oscillatory movement linked to specific cell-cycle phases (Baye and Link, 2007; Sauer, 1935) 

(see also Figure 1.7). To concurrently monitor the nuclear movements and cell-cycle phase of 

vsx1
+
 progenitors, I generated an mRNA construct based on mOrange2-tagged proliferating 

nuclear antigen (PCNA). Cells expressing fluorescently-tagged PCNA display distinct nuclear 

localization patterns during the cell-cycle, thus making it possible to unequivocally follow the 

cell-cycle status of progenitors by time-lapse imaging (Leonhardt et al., 2000; Leung et al., 

2011). Vsx1
+
 progenitors dividing in the unlaminated region of the retina showed rapid apically-

directed nuclear movement during the G2-phase before undergoing mitosis at the apical surface 

(Figure 3.7 A and 3.8 A), as is characteristic for classical (apical) progenitors (see also Figure 

1.7). In contrast, this rapid apically-directed movement during G2-phase was absent in vsx1
+
 

progenitors in the laminated region of the retina. Here, the nuclei of vsx1
+
 progenitors were 

located in the outer part of the INL and showed little movement through S- and G2-phase of the 

cell-cycle (Figure 3.7 B and 3.8 B), as is also characteristic for post-mitotic BCs. 
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Figure 3.7 – Distinct nucleokinesis of BC progenitors in the unlaminated and laminated retina. 

(A) In vivo confocal time-lapse recording of a 2 dpf vsx1:GFP retina (upper panels) expressing mOrange2-PCNA 

mRNA (lower panels). A vsx1
+ 

progenitor cell (pseudo-colored orange) is located in the middle of the retinal 

neuroepithelium and displays little movement during S-phase (granular nuclear pattern of PCNA, bottom panels). 

As it enters G2-phase (disappearance of granular nuclear pattern, bottom panels), the vsx1
+
 soma moves rapidly 

toward the apical surface to undergo mitosis at this location (0’). (B) In vivo confocal time-lapse recording of a 2 dpf 

Q26; UAS:memYFP retina (upper panels) expressing mOrange2-PCNA mRNA (lower panels). A Q26
+ 

progenitor 

cell (outlined in cyan) located in the INL displays little movement during S-phase (granular nuclear pattern of 

PCNA, bottom panels) and G2-phase (disappearance of granular nuclear pattern, bottom panels). Prior to 

undergoing mitosis at the OPL, the Q26
+ progenitor cell shows transient lateral arborizations in the synaptic 

layers as wide as its soma (see brackets at -67’). Scale bar 10 µm. 

 

Accordingly, analysis of nuclear movements in the laminated retina revealed largely 

indistinguishable migratory tracks for vsx1
+
 progenitors and their surrounding post-mitotic BCs 

(Figure 3.8 B). However, close inspection of individual migratory tracks revealed one key 

difference: In contrast to the post-mitotic BCs, the non-apically dividing vsx1
+
 progenitors always 

translocated their nuclei to the OPL prior to mitosis.  

Figure 3.8 – Nucleokinesis of vsx1
+
 progenitors and nascent BCs. 

(A) Nuclear movement of vsx1
+
 progenitors in the unlaminated region (vsx1:GFP) of the retina prior to mitosis at the 

apical surface (orange circle). 7 cells, 5 fish.  (B) Nuclear trajectories of vsx1
+
 progenitors in the laminated region 

that undergo mitosis next to the OPL (cyan circle, left panel) and post-mitotic BCs in their vicinity (right panel). 13 

progenitors and 13 post-mitotic BCs, 5 fish. Black lines represent the average position of all vsx1
+
 progenitors prior 

to mitosis in unlaminated (A) and laminated regions (B, left panel) and of the post-mitotic BCs (B, right panel). 
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As progenitors are known to translocate towards the centrosome during mitosis, I next aimed to 

concurrently monitor centrosome localization and nuclear movements of non-apically dividing 

progenitors. By expressing fluorescently-tagged centrin4, I found that centrosomes of post-

mitotic BCs actively relocated from the apical surface to the OPL, resulting in a dendritic, rather 

than a somatic location at maturity (Figure 3.9 A, B). Similar to apical process retraction, 

centrosome relocation occurred at the same time for progenitors and surrounding, post-mitotic 

BCs (Figure 3.9 C). Thus, nucleokinesis and centrosome relocation represent further 

differentiation steps for which vsx1
+
 progenitors are time-locked to their post-mitotic neighbors. 

 
Figure 3.9 – Centrosome dynamics in non-apically dividing vsx1

+
 progenitors and post-mitotic BCs.  

(A) Confocal in vivo images of a 3 dpf retina (Q26 injected with UAS:centrin4-YFP/UAS:memCerulean plasmid), in 

which the cellular membranes and centrosome of a single BC are labeled. The centrosome localizes to the dendritic 

tuft of the BC. (B) Confocal in vivo images of a 2 dpf retina, in which centrosomes (centrin4-YFP mRNA, green) 

and a subset of BCs (Q19, magenta) are labeled. The relocation of BC centrosomes from the apical surface to the 

OPL coincides with the retraction of the apical process (arrowhead). (C) Centrosomes (centrin4-YFP mRNA, 

grayscale) of a vsx1
+
 progenitor (magenta mask, Q19) and post-mitotic BCs in the laminated region concurrently 

translocate to the OPL. The centrosome of the highlighted vsx1
+
 progenitor is pseudo-colored green. The vsx1

+
 

progenitor shows transient lateral arborizations (see brackets at -210’, -165’). Scale bar A 5 µm; B, C 10 µm. 
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3.1.3. The neurogenesis and differentiation programs of vsx1
+
 progenitors are independent 

of each other 

 

Taken together, my experiments established that along the developmental gradient of the retina, 

vsx1
+
 progenitors blend into the differentiation landscape of surrounding BCs with regard to their 

morphological, cell biological and molecular characteristics. Two potential scenarios could 

account for this finding: (1) Multiple, ‘fixed’ vsx1
+ 

progenitors could exist, each of which 

undergoes mitosis at a stereotypic time-point in the cell’s differentiation trajectory. (2) 

Alternatively, neurogenesis and differentiation could be uncoupled of each other, so that mitotic 

divisions could occur at various points in a cell’s developmental trajectory. To distinguish 

between these two possibilities, I delayed vsx1
+
 progenitor divisions by inhibiting DNA synthesis 

during S-phase with hydroxyurea and aphidicolin (HUA) (Harris and Hartenstein, 1991). 

 

Figure 3.10 – HUA rapidly inhibits progenitor cell mitosis.  

(A) Confocal images of the retina of pH3 immunostained whole-mount embryos in control conditions (DMSO, left 

panel) and following the administration of HUA for 4 h (right panel). Scale bar 10 µm. (B) Quantification of pH3
+
 

cells in control retinas (DMSO), and retinas treated for 1 or 4 h with HUA prior to fixation. A significant reduction in 

the number of cells undergoing mitosis was observed following HUA treatment (reduction to 15.9 ± 2.5% after 1 h 

HUA, p = 0.0121, 5 fish; 6.1 ± 1.3% after 4 h HUA, p = 0.0027, 10 fish). Abbreviation: hydroxyurea and aphidicolin 

(HUA).  
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HUA treatment rapidly reduced the number of cells entering mitosis (Figure 3.10), but a small 

number of progenitor cells continued to divide albeit with a prominent delay
8
. I could now ask 

whether during delayed progenitor cell mitosis, differentiation stalled (as predicted by the ‘fixed’ 

progenitor scenario) or whether it continued and remained in synchrony with surrounding post-

mitotic BC differentiation (as predicted by the ‘uncoupling’ scenario; Figure 3.11). 

 

Figure 3.11 – Potential phenotypes of vsx1
+
 cells after HUA treatment.  

(A) Schematic representation of expected outcomes if the immature retina is treated with HUA to delay the cell-

cycle. Upper panel: If there are multiple ‘fixed’ progenitors, a block of cell division should stall progenitors at the 

differentiation state in which they normally would have undergone mitosis. The result would be a ‘salt-and-pepper’ 

pattern of undifferentiated (light green) and differentiating progenitors (dark green). Lower panel: If cell-cycle and 

differentiation are independent, all progenitors should homogenously differentiate. Open arrowheads indicate 

cytoplasmic processes not confined to the OPL and IPL, filled arrowheads indicate cytoplasmic processes confined 

to the synaptic layers. Abbreviations: progenitor cell (P), neuron (N), hydroxyurea and aphidicolin (HUA). 

                                                           
8
 A detailed explanation of how I calculated the delay for individual vsx1

+
 progenitor cell division follows in Figure 

3.12 
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I tracked 10 vsx1
+
 progenitors in HUA-treated embryos from late S-phase until mitosis. Knowing 

that progenitors in control experiments divided with an average of 142 ± 3.9 min after the onset 

of late S-phase, I could determine when a HUA-treated cell should have divided (‘expected’ 

mitosis) and measured the delay with which the division actually occurred (‘observed’ mitosis, 

delay range approximately 3.5 to 9 h; Figure 3.12 and 3.13 A). 

 

Figure 3.12 – Calculation of HUA-induced mitosis delay in individual vsx1
+
 progenitors.  

Time-lapse imaging of vsx1:GFP retinae expressing mOrange2-PCNA was used to determine the time interval 

between the beginning of late S-phase and the beginning of M-phase for progenitors. In control fish the average time 

for this interval was 142 ± 48 min (mean ± 2 standard deviations, SD, 38 cells from 6 fish, orange circles represent 

single cells). HUA treated progenitors were significantly delayed compared to controls, with an average time interval 

of 534 ± 32 min (10 cells from 4 fish, p < 0.0001, blue circles). The delay with which each of the 10 HUA-treated 

progenitors entered mitosis was calculated by subtracting the average ‘expected’ time interval between S- and M-

phase (obtained from control cells, orange diamond) from the observed time interval between S- and M-phase for 

each HUA-treated progenitor (blue circles). An example for this calculation is shown for a progenitor which divides 

with a calculated delay of 551 ± 48 min.  
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Because we
9
 could predict with a high degree of accuracy (86.4%), whether progenitor cells, in 

control conditions, would undergo mitosis at the apical surface or in the INL (i.e. at non-apical 

location) well before the divisions occurred (see Materials and Methods), we could ask whether 

the HUA-induced delay of mitosis would shift divisions from apical to non-apical locations. Nine 

of the 10 HUA treated vsx1
+
 progenitors fulfilled criteria that identified them to be destined to 

divide apically. However, all 10 vsx1
+
 progenitors instead underwent mitosis in the INL after 

process remodeling, suggesting that they had been shifted from an apical to a non-apical 

phenotype simply by delaying mitosis (Figure 3.13 B). Furthermore, vsx1:GFP expression levels 

in the 10 delayed vsx1
+
 progenitors increased from the point of expected mitosis to observed 

mitosis (Figure 3.13 A, C). Importantly, even after hours of delayed mitosis, progenitors still 

matched the fluorescence levels of BCs in their immediate surround (Figure 3.13 D). 

Accordingly, these findings support the ‘uncoupling’ scenario laid out above and thus argue for 

the independence of neurogenesis and differentiation programs during BC development. 

 

 

 

 

 

 

                                                           
9
 My supervisor Dr. Leanne Godinho and myself 
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Figure 3.13 – Neurogenesis and differentiation of vsx1
+ 

progenitors are independent of each other.   

(A) Confocal images of a 2 dpf retina from a vsx1:GFP and mOrange2-PCNA mRNA retina. A vsx1
+
 progenitor 

(dashed magenta outline) is shown before HUA treatment (left panel), at the time when it would have been 

‘expected’ to undergo mitosis (middle panel, orange diamond) and when it actually underwent mitosis (right panel, 

cyan circle). The retina and the vsx1+ progenitor continue to mature after the ‘expected’ mitosis (retraction of 

cytoplasmic processes, mitosis at non-apical location and up-regulation of GFP). Open arrowheads indicate 

cytoplasmic processes not confined to the synaptic layers, filled arrowheads indicate cytoplasmic processes confined 

to the synaptic layers. Dashed lines indicate extent of vsx1
+
 cell somata across retinal thickness. Scale bar 10 µm. (B) 

Progenitors that were expected to divide at the apical surface (exp), divided non-apically (obs). 10 progenitors, 4 

fish. (C) Quantification of vsx1:GFP fluorescence intensity of progenitors at the time when they were expected to 

undergo mitosis (exp) and when they underwent mitotic division (obs). 10 progenitors, 4 fish, p = 0.0002. (D) The 

fluorescence intensity of HUA-treated vsx1:GFP progenitors at the time when they were expected to undergo mitosis 

(diamonds), and when they were underwent mitosis (circles), plotted against the intensity of the surrounding cells 

(10 progenitors, 4 fish).   
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3.2. Re-specification of neuronal identity during CNS development 

3.2.1. Vsx1
+
 progenitor cells can undergo terminal, asymmetric division to generate an AC-

BC pair 
  

So far, my experiments were limited to the (non-)stereotypy of vsx1
+
 progenitors during retinal 

development. To ask whether some sort of plasticity could also be found in post-mitotic vsx1
+
 

cells, I followed the daughter cells of vsx1
+
 progenitor divisions by time lapse recordings of Q26; 

UAS:memYFP retinae [henceforth referred to as Q26 wt (wildtype)]. As expected from previous 

publications (He et al., 2012; Vitorino et al., 2009), I found that Q26
+
 progenitors can undergo 

terminal, symmetric divisions to generate two BCs (54.2 ± 5.7% of all mitotic divisions in Q26 

wt, 141 mitotic divisions, 17 fish; see also Figure 3.6 A). To my surprise, however, I found that 

Q26
+
 progenitors can also undergo terminal, asymmetric divisions to generate an AC-BC pair 

(44.4 ±5.6% of all mitotic divisions in Q26 wt; Figure 3.14).  

 

Figure 3.14 – In vivo time-lapse imaging of an AC-BC division of a non-apically dividing Q26
+
 progenitor.   

Confocal in vivo time-lapse recording of a 2 dpf retina (Q26; UAS:memYFP) showing a non-apically dividing Q26
+
 

progenitor (white arrowhead) which generates an AC (orange arrowhead) and a BC (cyan arrowhead). The two 

daughter cell somata remain in contact for more than 242 minutes post-mitosis. Subsequently, the nascent AC 

undergoes radial migration to the inner INL without any lateral displacement. Scale bar 10 µm. 

 

As I based the cell-type classification of Q26
+
 daughter cells on morphology (see also Figure 1.1 

B), I next aimed to corroborate the AC phenotype of Q26
+
 cells molecularly. To this end, I 
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crossed Q26 wt to the ptf1a:GFP reporter fish, in which all inhibitory neurons of the retina, 

including ACs, are labeled by cytosolic GFP (Godinho et al., 2005). Using Q26 wt; ptf1a:GFP 

compound embryos, I could confirm that Q26
+
 progenitors indeed generate ptf1a

+
 ACs (99.2 ± 

0.8% Q26
+
 ACs were positive for ptf1a:GFP, 60 cells, 12 fish; Figure 3.15).  

Figure 3.15 – Q26+ ACs are ptf1a+. 

Confocal in vivo images of a 3 dpf retina (Q26; UAS:memYFP; ptf1a:GFP). Ptf1a
+
 cells next to the OPL are HCs 

[mono-layer of ptf1a:GFP
+
 cells at the top of the image (upper bracket)]; ptf1a

+
 cells in the lower part of the INL are 

ACs [thick layer of ptf1a:GFP
+
 cells in the middle of the image (lower bracket)]. Two Q26

+
 cells in the lower part of 

the INL (orange circles) express GFP under control of the ptf1a promoter and thus also molecularly qualify as ACs. 

On the contrary, Q26
+
 BCs are negative for ptf1a. Scale bar 20 µm. 

 

If indeed ~40% of all vsx1
+
 progenitors divided asymmetrically to produce an AC- BC pair, it 

would be expected that ~20% of all post-mitotic vsx1
+
 cells in the retina are ACs

10
. However, 

analysis in vsx1:GFP retinae revealed that there are only a few, irregularly-spaced vsx1
+
 ACs and 

that the proportion of vsx1
+
 cells with an ACs phenotype is much lower than expected (0.8 ± 

0.2% of all vsx1
+
 cells are ACs; Figure 3.16). These low numbers of vsx1

+
 ACs could be due to 

at least two distinct factors. 

                                                           
10

 Assuming there are 100 vsx1
+
 progenitors, of which 60 divide in a BC-BC mode and 40 divide in an AC-BC 

mode. Accordingly, we would get 60 x (BC + BC) + 40 x (AC + BC) = 160 BCs + 40 ACs. This in turn means that 

out of 200 post-mitotic vsx1
+
 cells 40 would be ACs, i.e. 20%.   



 

63 

(1) The estimate that ~40% of vsx1
+
 progenitors undergo terminal asymmetric divisions is based 

on observations in the Q26 line. As Q26 labels only a subset of vsx1
+
 cells, the proportion of 

asymmetrically dividing progenitors could be heavily overestimated due to biased labeling in this 

transgenic line. However, using an unbiased labelling approach based on heat-shock induction, a 

recent study indicated that ~25% of BC-generating progenitor divisions are terminal and 

asymmetric (He et al., 2012). Furthermore, using transient injections of an ath5:Gal4 construct 

into UAS:memYFP fish, I found that a substantial fraction of BC-generating progenitors indeed 

divide in an AC-BC mode (8/21 progenitor divisions which generated at least one BC, 5 fish). 

Therefore, three independent approaches suggest that a substantial proportion (~25 to ~40%) of 

BC-generating progenitors divide asymmetrically to produce an AC-BC pair. As the vast 

majority of BC progenitors are vsx1
+
 (Vitorino et al., 2009), it would be expected that more than 

~1% of the vsx1
+
 cells are ACs (Figure 3.16).  

Figure 3.16 – Only a small minority of vsx1
+
 cells are ACs.  

(A) Confocal images of a 3 dpf vsx1:GFP retina counterstained with DAPI. Only few, irregularly spaced vsx1
+
 ACs 

are visible (orange circles). Scale bar 20 µm. (B) Proportion of ACs (orange; 0.8 ± 0.2%) and BCs (cyan; 99.2 ± 

0.2%) on total vsx1
+
 cells in 3 dpf vsx1:GFP retinae (2276 vsx1

+
 cells from 8 fish). 

 

(2) Vsx1 expression could be transient in ACs from the vsx1
+
 lineage, i.e. it is expressed at the 

progenitor stage but not in post-mitotic ACs. Indeed, when I analyzed ACs in Q26, 

UAS:memTagRFP-T, vsx1:GFP compound embryos, I found that virtually all Q26
+
 ACs are 
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vsx1:GFP
- 
(22/23 cells showed no or very little GFP fluorescence, 5 fish; see also Figure 3.5). 

This discrepancy in AC labeling could likely be explained by the fact that fluorescence protein 

expression in Q26 is mediated by the Gal4/UAS system and as such, is amplified and prolonged 

(Brand and Perrimon, 1993; Koster and Fraser, 2001; Scheer et al., 2002). Support for this 

hypothesis comes from three independent lines of experiments: First, Q19 is a transgenic line 

(see also Figure 3.9), in which the same 3.2 kb fragment of the vsx1 promoter element as in Q26 

directly drives expression of membrane-targeted Cerulean, (i.e. no involvement of the Gal4/UAS 

system). Despite a broad overlap of labeled BCs in Q19 and Q26, virtually no ACs could be 

observed in Q19 (Q19: 0.3 ± 0.2 vs. Q26 wt: 8.4 ± 0.8 ACs per retina, p = 0.0002). Second, as 

labeling in Q26 is only prominent in the laminated part of the retina (see also Figure 3.5), the 

vast majority of BCs appearing newly during time-lapse imaging are already post-mitotic (> 

95%) and, accordingly, only for a small minority of BCs the progenitor cell mitosis which gave 

birth to them could be observed (< 5%). In stark contrast, for the vast majority of newly-

appearing Q26
+
 ACs, the mitotic event could be observed (for 16/17 Q26

+
 ACs the mitosis could 

be observed, 3 fish). These observations suggest that in most Q26
+
 ACs, vsx1 is only expressed 

prior to mitosis and thus the post-mitotic AC labeling is due to a ‘spill-over’ of Gal4 and 

fluorescent protein from the progenitor. Third, when I photo-converted the fluorescence protein 

Kaede to its red fluorescent state in Q26; UAS:Kaede embryos, I did not observe a sizeable 

recovery of the unconverted green fluorescent protein in
 
Q26

+ 
ACs (0/13 Q26

+
 ACs showed a 

recovery of green fluorescence comparable to surrounding Q26
+
 BCs, 5 fish). Therefore, the lack 

of newly-synthetized green Kaede protein can serve as direct evidence for the loss of vsx1 

promoter activity in most Q26
+
 ACs.  

Taken together, these observations strongly suggest that a least a quarter of all vsx1
+
 progenitors 

divides asymmetrically to produce an AC-BC pair of daughter cells. Furthermore, the vast 
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majority of these ACs (estimated to be ~95%
11

) loses signs of the BC lineage, including 

expression of the BC markers vsx1, crx and ribeye a, which were all expressed at the progenitor 

stage (see also chapter 3.1.1). Accordingly, only a small fraction of ACs from the vsx1
+
 lineage 

(the remaining ~5% of vsx1
+
 ACs) continues to express BC markers (Figure 3.17). Therefore, I 

next aimed to investigate what enables the vast majority of vsx1
+
 AC daughter cells to switch 

their fate from a nascent BC to a proper AC. 

 

 

 

 

 

 

 

 

                                                           
11

 As about 25-40% of vsx1
+
 progenitors divide asymmetrically to produce an AC-BC pair, about 12-20% of cells 

derived from the vsx1
+
 lineage are ACs. As only about 1% of mature vsx1

+
 cells are ACs, the vast majority of ACs 

(11/12 to 19/20, i.e. about 95%) loses vsx1 expression.  
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Figure 3.17 – Upregulation and maintenance of BC markers in a subset of ACs from the vsx1
+
 lineage. 

(A) Confocal images of a retinal section from a 2.5 dpf vsx1:GFP retina stained for Crx. Crx expression in a vsx1
+
 

AC (orange circle) is similar to surrounding BCs, suggesting that Crx is expressed in some post-mitotic vsx1 ACs. 

(B) Confocal images of a retinal section from a 5.5 dpf vsx1:GFP retina stained for PKC α/β. PKC α/β expression 

cannot be found in vsx1
+
 progenitors but only in post-mitotic vsx1

+
 cells, including ACs from the vsx1 lineage 

(orange circle). (C) Confocal images from a retinal section of an adult vsx1:GFP retina counterstained with DAPI. 

The expression of vsx1 in some ACs (orange circle) is maintained into adulthood. Scale bar 10 µm.  
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3.2.2. The role of Notch in AC specification of cells from the vsx1
+
 lineage 

 

To understand how vsx1
+
 progenitor divisions can generate distinct cellular fates, I first analyzed 

the spindle orientation during mitosis and the position of the daughter cells along the apico-basal 

axis after mitosis (Siller and Doe, 2009), but I did not detect any striking pattern or predictive 

trait (data not shown). However, these analyses revealed that the somata of Q26
+
 daughter cells 

always remained in contact for several hours after mitosis (3.9 ± 0.5 h, 20 cell pairs, 6 fish; see 

also Figure 3.14), potentially allowing for cell signaling between daughter cells. 

A signaling pathway which has been implicated in binary fate decisions throughout the nervous 

system of vertebrates is the Notch pathway (Jadhav et al., 2006b; Kimura et al., 2008; Mizuguchi 

et al., 2006; Peng et al., 2007; Shin et al., 2007). Notch is expressed during retinal development 

and gain- and loss-of-function experiments have yielded prominent phenotypes (Bao and Cepko, 

1997; Bernardos et al., 2005; Del Bene et al., 2008; Jadhav et al., 2006a; Jadhav et al., 2006b; 

Kechad et al., 2012; Mizeracka et al., 2013; Scheer et al., 2001)
12

. To ask whether the Notch 

pathway is differentially activated in Q26
+
 daughter cells and thus could instruct distinct cellular 

fates, I took advantage of a transgenic line in which activation of the Notch pathway is reported 

by expression of nuclear-targeted mCherry fluorescent protein [(T2KTp1bglob:hmgb1-

mCherry)
jh11

 henceforth referred to as Notch:reporter] (Parsons et al., 2009). When I crossed Q26 

wt to the Notch:reporter fish, I observed a strong bias for high Notch:reporter signals in AC 

daughter cells (in 29/34 ACs I found a higher Notch:repoter fluorescence intensity than in the 

surrounding BCs, at least 10 fish; Figure 3.18). Therefore, I hypothesized that high Notch levels 

instruct AC fate, while low levels lead to a BC phenotype. To test this hypothesis, I next aimed to 

manipulate Notch signaling in the vsx1
+
 lineage. 

                                                           
12

 Since Notch signaling controls numerous processes (e.g. the maintenance of ‘steminess’ in progenitor cells or the 

promotion of gliogenesis), these phenotypes are not necessarily related to binary fate decisions. 
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Figure 3.18 – High levels of Notch pathway activity in Q26
+
 ACs. 

(A) Confocal in vivo images of a 3 dpf retina (Q26, UAS:memYFP, Notch:reporter) indicate distinct levels of Notch 

pathway activity in Q26
+
 cells. High levels of Notch:reporter fluorescence (i.e. Notch activity) could be found in the 

Q26
+
 AC daughter cell (orange circle), while no detectable levels of Notch activity could be found in its surrounding 

Q26
+
 BCs. Scale bar 10 µm. (B) Quantification of fluorescence intensity of the Notch:reporter signal in Q26

+
 ACs 

and BCs. The vast majority of ACs (29/34) had higher fluorescence intensity than their surrounding (sibling) BCs.  

   

As predicted, the pharmacological inhibition of γ-secretase, an enzyme which cleaves the Notch 

receptor and thus enables the Notch intracellular domain (NICD) to act as a transcription factor, 

lowered the number of vsx1
+
 ACs in vsx1:GFP retinae (the numbers of vsx1

+
 ACs were lowered 

to 60.0 ± 7.2% of DMSO-treated controls (4.1 ± 0.5 ACs per region) in DAPT-treated fish (2.4 ± 

0.3 ACs per region), 12 fish, p = 0.005). However, I was not able to block Notch signaling 

specifically in Q26
+
 cells with a dominant-negative Su(H) construct (Chapouton et al., 2010; 

Wettstein et al., 1997). Even though I screened several newly-generated UAS:dnSu(H) and 

UAS:mem:YFP-P2A- dnSu(H) founder fish by crosses to the pan-neuronal Gal4 line s1101t 

(Mason et al., 2009), the offspring did not develop a phenotype similar to what has been 

described for small molecule inhibitors and classical mutants of the Notch pathway (Geling et al., 

2002; Itoh et al., 2003). As the pan-neuronal expression of dnSu(h) did not reveal any obvious 

defects, I concluded that the dnSu(H) construct is an inefficient tool for blocking the Notch 
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signaling pathway during nervous system development and thus not suitable for manipulating 

Notch activity in nascent Q26
+
 cells. 

On the contrary, as the pan-neuronal activation of Notch signaling by over-expression of 

UAS:NICD in s1101t severely impaired retinal development (data not shown), I concluded that 

UAS:NICD fish (Scheer et al., 2001) could be a suitable tool for studying the effect of Notch 

activation in a cell-specific manner (i.e. in Q26
+
 cells). Indeed, when I assayed the effect of 

Notch activation in Q26; UAS:memYFP; UAS:NICD embryos (henceforth referred to as Q26 

NICD fish), I found a dramatic increase of ACs (8.6-fold more Q26
+
 ACs per retina, p = 0.003; 

see also Figure 3.23). Moreover, time-lapse imaging of Q26 NICD retinae revealed the 

emergence of AC-AC divisions (0.0 ± 0.0% of all mitotic divisions in Q26 wt vs. 38.6 ± 8.0% of 

all mitotic in Q26 NICD, 44 mitotic divisions, 8 fish, p < 0.001; Figure 3.19 A). Since the 

proportion of BC-BC divisions was unaffected in Q26 NICD retinae (54.2 ± 5.7% in Q26 wt vs. 

51.9 ± 10.1% in Q26 NICD, p = 0.762; see also Figure 3.24 A), AC-AC divisions emerged at the 

expense of AC-BC divisions (reduction from 44.4 ± 5.6% to 9.4 ± 3.8%, p < 0.001; see also 

Figure 3.24 A).  

A shift of AC-BC divisions to AC-AC divisions would roughly predict a doubling of ACs per 

retina in Q26 NICD. However, I consistently observed larger numbers of ACs per retina (8.6-fold 

more ACs), suggesting that an additional source for ACs exists in Q26 NICD. During my time-

lapse experiments, I could reveal that the additional ACs are derived from events which I refer to 

as ‘AC transformations’ (Figure 3.19 B). In these transformations, Q26
+
 cells exhibit a bipolar 

morphology well after mitosis - in some cases even including the elaboration of prominent axonal 

and dendritic arbors (Figure 3.19 B at 264’) - and only subsequently transform into cells with the 

morphology and somal localization of ACs (Figure 3.19 B from 432’ to 672’).  



 

70 

Figure 3.19 – Over-expression of NICD in Q26
+
 cells promotes AC fate. 

Confocal in vivo images of a 2.5 dpf retina (Q26; UAS:memYFP; UAS:NICD) in which the Notch pathway is 

specifically activated in Q26
+
 cells via the Gal4/UAS system. (A) A Q26

+
 progenitor (white arrowhead) divides to 

generate two ACs (orange arrowheads). In wild-type retinae, an AC-AC division mode of Q26
+
 progenitor cells was 

not observed. (B) A cell with BC morphology (cyan arrowhead) transforms well after mitosis to an AC (orange 

arrowhead). While undergoing transformation, the cell grows additional processes (336’) sheds the apical process 

(552’) and migrates slowly towards the IPL (entire recording). Scale bar 10 µm.  

 

To confirm the AC phenotype of transformed cells molecularly, I crossed Q26 NICD to 

ptf1a:GFP fish. Surprisingly, I found that not only the transformed ACs were ptf1a
+
 (97.2 ± 1.2% 

of ACs in Q26 NICD are ptf1a
+
, 111 ACs, 2 fish: Figure 3.20 and 3.22), but also a substantial 

portion of cells with BC morphology were ptf1a
+
 (0.2 ± 0.2% in Q26 wt vs. 26.0 ± 6.5% in Q26 

NICD, 365 BCs, 3 fish, p = 0.04; Figure 3.20). This observation suggests that some Q26
+
 cells 

likely initiated the transformation to ACs molecularly but failed to adopt a morphological 

transformation. One explanation for this observation could be the existence of a limited time 

window for AC transformations. Indeed, during time-lapse imaging of Q26 NICD; ptf1a:GFP 
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retinae, I could virtually not observe AC transformations after the formation of the HC layer
13

 

(99.3 ± 0.1% of the BCs mainted their morphology after the formation of the HC layer, 399 cells, 

2 fish; Figure 3.20). Nevertheless, the acquisition of an AC phenotype via the transformation of 

nascent BCs into ACs in Q26 NICD took a longer time than the generation of ACs after mitotic 

divisions in Q26 wt (3.9 ± 0.5 h in Q26 wt vs. 10.6 ± 1.3 h in Q26 NICD, 13 AC transformations 

in 3 fish, p < 0.001; see also Figures 3.14 and 3.19 B). Therefore, I next asked whether the 

transformed Q26
+
 ACs displayed a high(er) degree of BC differentiation.  

Figure 3.20 – Q26
+
 ACs and BCs are ptf1a

+
. 

Confocal in vivo images of a 3.5 dpf retina (Q26; UAS:memYFP; UAS:NICD; ptf1a:GFP) in which the Notch 

pathway is specifically activated in Q26
+
 cells via the Gal4/UAS system, and bona-fide inhibitory cells are labeled by 

ptf1a:GFP. Q26
+
 cells with the morphology and somal location of ACs are ptf1a

+
 (orange circles with black outline). 

In contrast to Q26 wt, BCs in Q26 NICD are frequently ptf1a
+
 (ptf1

+
 BCs are labeled by cyan circles with orange 

outline; ptf1a
-
 BCs are labeled by cyan circles with black outline). The gamma-value of the ptf1a:GFP image was 

adjusted for better visualization. Scale bar 20 µm.  

 

To this end, I crossed Q26 NICD either to vsx1:GFP (i.e. vsx1 expression, see also Figure 3.1), to 

crx:mCFP (i.e. crx expression, see also Figure 3.3) or to ctbp2:mEGFP fish (i.e. ribeye a 

expression, see also Figure 3.4), and asked whether I could find large numbers of Q26
+
 ACs 

positive for these BC markers. However, I virtually did not detect any BC marker expression in 

                                                           
13

 The formation of the HC layer was used as an independent timestamp of retinal development 
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ACs of Q26 NICD (vsx1:GFP: 4.7 ± 1.1%, 85 ACs, 3 fish; crx:mCFP: 0.0 ± 0.0%, 65 ACs, 3 

fish; ctbp2:mEGFP: 1.9 ± 1.1%, 95 ACs, 4 fish; Figure 3.22), suggesting that even though some 

transformed cells undergo an extended morphological BC differentiation before transformation, a 

molecular imprint of this cannot be detected. 

On the other hand, since AC transformations presumably require some sort of ‘progenitor-like 

potency’ in order to allow for changes in cellular fate, I next asked whether transformed ACs 

show signs of immaturity markers, such as expression of GFAP. In gfap:GFP embryos, neural 

progenitors which express glial fibrillary acidic protein (GFAP) are labeled (Bernardos and 

Raymond, 2006). Accordingly, while gfap:GFP is widely expressed in the retina during early 

retinal development (at the stage of a neuroepithelium, see also Figure 1.2), it is virtually only 

expressed in Müller glia, the ‘stem-cells’ of the retina, when retinal neurogenesis is complete at 3 

dpf (Bernardos and Raymond, 2006). Strikingly, however, I found that in Q26 NICD, gfap:GFP 

fish Q26
+
 ACs are largely gfap

+
 [11.1 ± 5.1% of ACs in Q26 wt (7 fish) vs. 60.9 ± 3.9% of ACs 

in Q26 NICD (6 fish), p = 0.001; Figure 3.21 and 3.22). The expression of this immaturity 

marker in Q26
+
 ACs suggests that cells have been or are in some sort of ‘rejuvenated’ state, 

which allows for changes in cellular fate. 

 

Figure 3.21 – The majority of Q26
+
 ACs in Q26 NICD is positive for the immaturity marker GFAP. 

Confocal in vivo images of a 4 dpf retina (Q26; UAS:memYFP; UAS:NICD; gfap:GFP) showing that Q26
+
 ACs are 

largely gfap
+
 (orange circles). Scale bar 20 µm.  
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Taken together, experiments in Q26 NICD show that Notch can instruct AC fate in Q26
+
 cells, 

and that Notch is able to push nascent BCs to a ‘rejuvenated’ state, which, in turn, allows for 

their transformation into ACs. However, Notch seems to only induce AC fate in a subset of Q26
+
 

cells, as I did not detect any changes in the proportion of BC-BC divisions in Q26 NICD, 

suggesting that BCs originating from BC-BC divisions are inert to Notch manipulation (see also 

Figure 3.24 B). To further address the molecular mechanism driving the generation of ACs in the 

vsx1
+
 lineage, I next aimed to investigate the role of the inhibitory transcription factor ptf1a, 

which controls the specification of all retinal ACs (Dullin et al., 2007; Fujitani et al., 2006; Jusuf 

and Harris, 2009; Nakhai et al., 2007) .  

Figure 3.22 – Effects of Notch activation on marker expression in Q26
+
 ACs. 

Quantification of marker expression in Q26 NICD retinae (3 or 4 dpf). Q26
+
 ACs are virtually all positive for the AC 

marker ptf1a, and virtually all negative for BC markers vsx1, crx and ribeye a. Additionally, a large portion of Q26
+
 

ACs is gfap
+
.  
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3.2.3. Ptf1a can induce AC fate in all Q26
+
 cells but its action has a limited time window  

 

When I crossed Q26; UASmem:YFP to newly-generated UAS:Ptf1a fish (henceforth referred to 

as Q26 Ptf1a), I found a prominent AC phenotye. Similarly to Q26 NICD, I detected more Q26
+
 

ACs per retina (3.4-fold increase in comparison to Q26 wt; p < 0.001; see also Figure 3.23). 

Moreover, I also observed the emergence of Q26
+
 AC-AC divisions (23.1 ± 9.6% of all mitotic 

divisions in Q26 Ptf1a, 33 mitotic divisions, 5 fish; Figure 3.24 A). However, the proportions of 

the three division modes (i.e. BC-BC, AC-BC and AC-AC divisions) were very distinct when 

compared to Q26 wt or Q26 NICD (Figure 3.24 A). While Q26 NICD only shifted AC-BC to 

AC-AC divisions, Q26 Ptf1a affected both BC-BC and AC-BC divisions. Therefore, the number 

of divisions involving at least one AC was significantly higher than in Q26 wt (increase from 

44.4 ± 5.6% to 93.1 ± 2.8%, p < 0.001) and Q26 NICD (increase from 48.0 ± 10.0% to 93.1 ± 

2.8%, p = 0.02; see also Figure 3.24 B). Accordingly, in contrast to NICD, the over-expression 

of Ptf1a was able to induce AC fate in Q26
+ 

cells which originated from BC-BC divisions 

(Figure 3.24 B), suggesting that ptf1a can impact all newly-born BCs. 

Given these shifts in division mode of Q26
+ 

progenitors, it would be expected that more Q26
+ 

ACs can be found in Q26 Ptf1a than in Q26 NICD. However, quantification of Q26
+ 

ACs 

showed significantly more ACs in Q26 NICD (2.5-fold more ACs than in Q26 Ptf1a, p = 0.006; 

Figure 3.23). This conundrum could be explained by the lack of AC transformations in Q26 

Ptf1a. Therefore, the potency of Ptf1a is apparently restricted to cells at mitosis or briefly 

thereafter. This hypothesis may also explain why Ptf1a over-expression is rather inefficient in 

inducing AC-AC divisions, since the time for Ptf1a to exert its effect might be too short in some 

Q26
+ 

daughter cells. To test this hypothesis, I next obtained Q26; UAS:memYFP; UAS:NICD; 

UAS:Ptf1a embryos (henceforth referred to as Q26 NICD Ptf1a), and asked whether I could 
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observe a synergistic effect of NICD and Ptf1a over-expression. To my surprise
14

, I found that 

the vast majority of Q26
+
 cells are ACs in Q26 NICD Ptf1a (36.6-fold increase compared to Q26 

wt, p = 0.003; see also Figure 3.23). Moreover, time-lapse recordings revealed that the bulk of 

Q26
+
 progenitors divided in an AC-AC mode (82.3 ± 11.2%, 30 mitotic divisions, 5 fish, see also 

Figure 3.24 A). Therefore, in Q26 NICD Ptf1a, the distinct effects of NICD and Ptf1a act 

synergistically: On the one hand, NICD confers plasticity, i.e. it makes nascent post-mitotic Q26
+
 

cells responsive for fate determinants. On the other hand, Ptf1a on its own is able to induce AC 

fate in all newly-born Q26
+
 cells. Since in the presence of NICD the effect of Ptf1a is no longer 

restricted to cells at mitosis or briefly thereafter, the vast majority of Q26
+
 cells could be shifted 

to ACs in Q26 NICD Ptf1a.  

 

 

 

 

 

 

 

 

 

 

                                                           
14

 I first thought I may have mixed-up fish lines 
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Figure 3.23 – Quantification of ACs numbers in Q26 wt, Q26 NICD, Q26 Ptf1a and Q26 NICD Ptf1a.  

(A) Representative confocal in vivo images of 3 dpf Q26 wt, Q26 NICD, Q26 Ptf1a and Q26 NICD Ptf1a retinae. 

ACs are marked by orange circles, BCs are marked by cyan circles. Scale bar 20 µm. (B) Proportion of ACs in Q26 

wt, Q26 NICD, Q26 Ptf1a and Q26 NICD Ptf1a retinae. P-values ≤ 0.05 (after FDR correction) are denoted by letters 

a (significantly different to Q26 wt), b (significantly different to Q26 NICD), c (significantly different to Q26 Ptf1a) 

and d (significantly different to Q26 NICD Ptf1a). 
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Figure 3.24 – Quantification of division modes in Q26 wt, Q26 NICD, Q26 Ptf1a and Q26 NICD Ptf1a. 

(A) Quantification of BC-BC, AC-BC and AC-AC divisions in Q26 wt (light grey bar with black outline), Q26 

NICD (dark grey bar with black outline), Q26 Ptf1a (light grey bar with orange outline) and Q26 NICD Ptf1a (dark 

grey bar with orange outline) retinae. (B) Quantification of divisions generating only BCs (i.e. BC-BC divisions) and 

divisions generating at least one AC (i.e. AC-BC and AC-AC divisions) in Q26 wt (light grey bar with black 

outline), Q26 NICD (dark grey bar with black outline), Q26 Ptf1a (light grey bar with orange outline) and Q26 NICD 

Ptf1a (dark grey bar with orange outline) retinae. P-values ≤ 0.05 (after FDR correction) are denoted by letters a 

(significantly different to Q26 wt), b (significantly different to Q26 NICD), c (significantly different to Q26 Ptf1a) 

and d (significantly different to Q26 NICD Ptf1a). 

 

Taken together, experiments in which I over-expressed NICD, Ptf1a or both in Q26
+
 cells 

suggest a dual role for Notch in terminal, asymmetric vsx1
+
 divisions (Figure 3.25): First, Notch 

confers some degree of immaturity/plasticity (see also Figure 3.21 and 3.22), allowing nascent 

post-mitotic BCs to dedifferentiate and change cellular fate. Second, Notch itself is sufficient to 

induce ptf1a expression (see also Figure 3.20 and 3.22), which, in turn, induces AC fate. 



 

78 

 

Figure 3.25 – Model for AC specification in the vsx1
+
 lineage. 

Model for AC specification in terminal, asymmetric vsx1
+
 divisions. After mitotic division of the vsx1

+
 progenitor, 

the daughter cells stay in contact to establish Notch signaling (first panel). While one daughter cell does not up-

regulate Notch activity and continues to mature as a BC (cyan cell), the other daughter cell up-regulates Notch 

activity, which, in turn, pushes the cell to a plastic state (second panel, light pink cell). Additionally, Notch signaling 

induces ptf1a expression (third panel, light orange cell), which, in turn, promotes AC fate (fourth panel, orange 

cell).   
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3.2.4. Induction of RGC-like cells in the vsx1
+
 lineage 

 

A role for Notch in conferring immaturity/plasticity to post-mitotic vsx1
+
 cells is surprising, as 

this function of Notch is supposedly restricted to progenitor cells (Bao and Cepko, 1997; de la 

Pompa et al., 1997; Dorsky et al., 1995; Ishibashi et al., 1994; Lardelli et al., 1996; Nye et al., 

1994). Therefore, to directly test the extent to which Notch confers plasticity in post-mitotic 

vsx1
+
 cells, I next aimed to challenge the temporal competence model (see also Figure 1.6). 

To this end, I over-expressed NICD along with Atoh7 in the vsx1
+
 lineage. Atoh7 is a 

transcription factor which is critical for the induction of RGC fate (Brown et al., 2001; Kanekar 

et al., 1997; Kay et al., 2001; Liu et al., 2001a; Masai et al., 2005). According to birth-dating 

studies and the temporal competence model (see also Figure 1.5 and 1.6), once a progenitor cell 

lineage expresses vsx1
+
, it should have long passed its competence to produce RGCs. 

Surprisingly, however, I could find cells with an RGC morphology, albeit a low numbers, in 

Q26; UAS:memYFP; UAS:NICD; UAS:Atoh7 embryos (henceforth referred to as Q26 NICD 

Atoh7 fish) which were injected with ptf1a morpholino (2.5 ± 0.7 RGC-like cells per retina, 11 

fish; Figure 3.26). Moreover, RGC-like cells could not be observed in Q26 Atoh7 (i.e. without 

NICD) embryos, suggesting that the presence of NICD is necessary for RGC induction in the 

vsx1
+
 lineage. 

To corroborate the transformation of Q26
+
 cells to RGC-like cells, I performed in vivo time-lapse 

recordings and could indeed monitor RGC-like transformations (14 RGC-like transformations in 

3 fish; Figure 3.27). Taken together, the induction of RGC-like cells in the vsx1
+
 lineage is 

unexpected and argues for extensive Notch-mediated plasticity in newly-born post-mitotic 

neurons.  
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Figure 3.26 – Induction of RGC-like cells in Q26 NICD Atoh7. 

Confocal in vivo image of a 3 dpf Q26 NICD Atoh7 retina (Q26; UAS:memYFP; UAS:NICD; UAS:Atoh7) injected 

with ptf1a morpholino. Two Q26
+
 cells (magenta circles) are located in the GCL (towards the center of the eye) and 

have the morphology of RGCs (arrowheads point at presumptive axons).   

 

 

Figure 3.27 – In vivo time-lapse imaging of an RGC-transformation.  

Confocal in vivo time-lapse recording of a 2 dpf Q26 NICD Atoh7 retina (Q26; UAS:memYFP; UAS:NICD; 

UAS:Atoh7) injected with ptf1a morpholino. A retina-spanning Q26
+
 cell loses its bipolar morphology (0’ to 72’), 

migrates basally (72’ to 252’), and grows out an axon (252’ to 540’; arrowhead) and small apically-directed 

processes (540’ to 612’). Scale bar 10 µm.  
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4. DISCUSSION 

 

As in vivo studies of the development of the CNS are challenging in most vertebrate models, our 

knowledge about vertebrate CNS development largely builds on experiments in fixed-tisssue 

and/or in vitro. However, such preparations seem to be especially unfavourable for studying 

dynamic processes of neural development, as single time-points (fixed-tissue) and/or the lack of 

tissue context (cell culture) could only serve as a decalcomania of the complex situation in vivo. 

Consequently, little is known about the plasticity of CNS progenitor cells and newly-born post-

mitotic neurons in vivo. Taking advantage of the zebrafish retina as a model system which is 

conducive for in vivo imaging and genetic interference, I aimed to directly observe and 

manipulate the development of prognitor cells and interneurons of the vsx1
+
 lineage in vivo. In 

contrast to the widely-accepted view and my expectations, I did not encounter a linear and 

stereotypical progression of developmental events but rather a high degree of plasticity in 

progenitor cells (see chapter 3.1) and newly-born neurons (see chapter 3.2) of the vsx1
+
 lineage. 

 

4.1. Uncoupling of neurogenesis and neuronal differentiation during CNS 

development 
 

In my first project, I aimed to address the stereotypy of the developmental program in CNS 

progenitor cells in vivo. To this end, I determined the relative timing of neurogenesis, neuronal 

migration and neuronal differentiation in a moleculary-defined CNS progenitor population. 

Unexpectedly, I found that developing vsx1
+
 neurons do not adopt a stereotypical and fixed 

sequence of neurogenesis, neuronal migration and neuronal differentiation (see also Figure 1.3). 

Rather, to my surprise, the differentiation status of vsx1
+
 progenitor cells at mitosis was quite 
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variable with regard to molecular, morphological and cell biological characteristics. However, the 

occurrence of a specific differentiation status in vsx1
+
 progenitor cells was not random: Vsx1

+
 

progenitor cells dividing in the unlaminated part of the retina showed only a few signs of BC 

differentiation (e.g. low expression of BC markers; retina-spanning processes; somata not 

restricted to the outer part of the INL). On the contrary, vsx1
+
 progenitor cells dividing in the 

laminated part of the retina showed prominent signs of BC differentiation (e.g. robust expression 

of the BC markers vsx1, crx and ribeye a; processes confined to synaptic layers; somata in the 

outer part of the INL). Importantly, progenitors dividing in the unlaminated and laminated part of 

the retina do not represent distinct vsx1
+
 progenitor cell populations but lie along the continuum 

of the developmental gradient of the retina in ‘lock-step’ with the differentiation of surrounding 

post-mitotic BCs. Accordingly, vsx1
+
 progenitor cells dividing in the laminated part of the retina 

are more similar to their surrounding post-mitotic BCs than to vsx1
+
 progenitor cells dividing in 

the unlaminated part of the retina. Indeed, without the help of in vivo imaging or cell cycle phase 

markers, it would have been virtually impossible for me to distinguish, on a single cell level, 

between pre-mitotic vsx1
+
 progenitors and post-mitotic nascent BCs. Strikingly, I found that 

vsx1
+
 progenitor cells can even be the most differentiated cell along the differentiation gradient of 

the retina (see also Figure 3.3 C). Taken together, my results lead to the conclusion that a 

stereotypical and fixed sequence of ontogenetic events is not necessary during neuronal 

development. Therefore, at least for terminally-dividing progenitors, which generate a large part 

of CNS neurons (He et al., 2012; Nakashima et al., 2015), mitosis does not have to occur before 

neuronal differentiation commences (or at any specific point thereafter), but rather can be flexibly 

intercalated between other developmental steps. 
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4.1.1. Uncoupling of neurogenesis and neuronal differentiation could be a general principle 

of neuronal development 

 

The uncoupling of neurogenesis and neuronal differentiation may explain three previously 

intriguing observations: First, that some neuronal progenitors in various parts of the nervous 

system display signs of neuronal differentiation prior to cell-cycle exit (Attardo et al., 2008; 

DiCicco-Bloom et al., 1990; Godinho et al., 2007; Miyata et al., 2004; Prasov and Glaser, 2012; 

Rohrer and Thoenen, 1987; Rothman et al., 1980). Second, that blocking neurogenesis does not 

prevent neuronal differentiation throughout the Xenopus CNS including the retina, spinal cord 

and brain stem (Harris and Hartenstein, 1991). Third, that during neuronal development in 

Xenopus (Bestman et al., 2012) and in the adult zebrafish telencephalon (Barbosa et al., 2015) 

neuronal stem cells can directly convert into neurons without the need of (self-sustaining) mitotic 

divisions. My findings in the vsx1
+
 lineage now offer a unifying explanation for these 

observations, suggesting that they might simply result from a fundamental uncoupling of cell-

cycle and neuronal differentiation during neuronal development. Indeed, the increasingly 

recognized prevalence of precociously-differentiating progenitors in a range of species and 

neuronal structures [e.g. basal progenitors in the neocortex of mice and primates (Betizeau et al., 

2013; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Wang et al., 2016); neural 

crest-derived PNS progenitors of mice (DiCicco-Bloom et al., 1990; Rohrer and Thoenen, 1987; 

Rothman et al., 1980) and retinal progenitors of zebrafish and mice (Godinho et al., 2007; Prasov 

and Glaser, 2012)], implies that such uncoupling may be a general principle of neural 

development. However, it will require technically challenging experiments (i.e. being able to 

concurrently monitor the cell-cycle and differentiation status of individual cells across 

developmental time) to elucidate whether uncoupling mechanisms are at play during mammalian 

CNS development. Nevertheless, a recently published study on the development of the neocortex 
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in mice suggests that early-dividing progenitors, late-dividing progenitors and post-mitotic 

neurons may form a differentiation continuum (Telley et al., 2016).  

 

 

4.1.2. Uncoupling of neurogenesis and neuronal differentiation could allow for fast and 

synchronous CNS development in vivo 

 

What could be the advantage(s) of uncoupling neurogenesis and neuronal differentiation? In 

comparison to the classical model and its orderly sequence of developmental events, the 

uncoupled model provides two advantages, namely speed and synchrony (Figure 4.1). 

 

1. Speed 

In the ‘classical model’, differentiation can only be initiated following mitosis. Therefore, the 

time required to reach maturity is delayed for the majority of cells by their (late) birth dates (note 

the mitotic division on the furthest right (white circle) in the ‘classical model’ of Figure 4.1, in 

which neuronal differentiation only commences when some of the earlier-born BCs have almost 

reached maturity). By contrast, in the ‘uncoupled model’, differentiation steps can already occur 

at the progenitor stage, permitting the acquisition of full maturity across the population faster 

(note the mitotic division on the furthest right (dark green circle) in the ‘uncoupled model’ of 

Figure 4.1, which has undergone substantial neuronal differentiation prior to mitosis). 

 

2. Synchrony 

In the ‘classical model’, every developmental trajectory is the same and thus the time from 

mitosis to completed differentiation is constant for every daughter cell. This, in turn, also means 
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that the first and last developmental trajectory (resulting from the first and the last mitotic 

division) are separated exactly by the time period between the first and last mitotic division, i.e. 

asynchronous (see the large shift of individual differentiation trajectories in the ‘classical model’ 

of Figure 4.1). Furthermore, as the developmental trajectories are constant in the ‘classical 

model’, also the time period between the first- and last-born daughter cell to reach full maturity 

equals the time period between the first and last mitotic division (see the large spread of elliptical 

cells (representing full maturity of daughter cells) in the ‘classical model’ of Figure 4.1). On the 

contrary, developmental trajectories in the ‘uncoupled model’ are variable and thus the time from 

mitosis to completed differentiation is different for every daughter cell. As developmental 

trajectories in the ‘uncoupled model’ are arranged according to their differentiation (but not cell 

cycle status), progenitors and daughter cells of a given population differentiate in relative 

synchrony despite the extended time span over which mitotic divisions occur (see the 

concentration of developmental trajectories and elliptical cells (representing full maturity of 

daughter cells) in the ‘uncoupled model’ of Figure 4.1).  

Furthermore, it should be noted that ‘uncoupling’ is the only mechanism to gain developmental 

synchrony without changing the rates of neuronal differentiation (a changing rate of 

differentiation could be conceived as variable slopes of the developmental trajectories in Figure 

4.1) as in every ‘coupled’ model the time period of mitoses equals the time period of completed 

neuronal differentiation across the entire population of newly-born daughter cells. Consequently, 

even if progenitors underwent a stereotypic neuronal differentiation prior to mitoses, the time 

period of mitoses and completed neuronal differentiation would be equal and thus neuronal 

differentiation asynchronous. 

Taken together, the uncoupling of neurogenesis and neuronal differentiation allows for fast and 

synchronous development of the CNS. Therefore, this mechanism might be particularly 
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important for the assembly of rapidly developing circuits, e.g. for escape and prey capture 

(Nikolaou and Meyer, 2015), or circuits which form over an extended period of neuronal 

development, such as the neocortex (Wilsch-Bräuninger et al., 2016).  

Figure 4.1 – Comparison of the ‘classical model’ and ‘uncoupled model’ of neuronal development. 

The developmental trajectories of four progenitors (circles) are schematically tracked over time until they 

differentiate and reach maturity (ellipses). The time period of neurogenesis is the same for cells in the ‘classical’ and 

the ‘uncoupled’ model. As compared to the ‘classical’ model in which differentiation commences only after cell-

cycle exit, ‘uncoupling’ neurogenesis and differentiation permits a cell population to differentiate faster and in 

relative synchrony.  
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4.2. Re-specification of neuronal identity 
 

In a second project, while exploring mechanisms of fate specification in retinal interneurons, I 

uncovered a high degree of plasticity in nascent vsx1
+
 cells. Using in vivo time-lapse microscopy, 

I found that a substantial proportion of vsx1
+
 progenitors undergoes asymmetric division to give 

birth to an AC-BC pair of daughter cells. The generation of ACs by vsx1
+
 progenitors is 

surprising per se, as the retinal vsx1
+
 lineage is widely-accepted to be committed to the 

generation of BCs (Vitorino et al., 2009). Indeed, the generation of ACs by vsx1
+
 progenitors is 

particularly surprising in zebrafish, as my own work demonstrated that vsx1
+
 progenitors undergo 

precocious neuronal differentiation and display the phenotype of nascent BCs prior to mitotic 

division (see chapter 3.1). Consequently, one daughter cell of the asymmetric vsx1
+
 division has 

to lose signs of BC differentiation and is re-specified as an AC. The re-specification process 

seems to be rather efficient, as the vast majority (~95%) of ACs from the vsx1
+
 lineage does not 

maintain or up-regulate expression of BC markers. Furthermore, it is unlikely that the ACs which 

maintain BC characteristics consitute one or more distinct AC subtype(s), as the distribution of 

vsx1:GFP ACs does not suffice to account for the regular retinal mosaics adopted by other AC 

subtypes (Kay et al., 2012).  

To my knowledge, there has been no report on the re-specification of neuronal identity as a 

mechanism for generating cellular diversity during vertebrate CNS development. Nevertheless, 

there are a few examples for cellular plasticity of post-mitotic neurons in vertebrates, including 

the activity-dependent re-specification of neurotransmitters (Spitzer, 2012) and the unstable 

cellular fate of nascent DRG neurons (Wright et al., 2010). However, the most extensive (as well 

as impressive) insights regarding cellular plasticity of post-mitotic cells have been provided by 

re-progamming studies (Amamoto and Arlotta, 2014): Here, using powerful transcription factors 
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as instructive signals, differentiated cells (including astrocytes, fibroblasts, hepatocytes and 

pericytes) could be directly converted to neurons (Berninger et al., 2007; Caiazzo et al., 2011; 

Karow et al., 2012; Marro et al., 2011; Pang et al., 2011; Vierbuchen et al., 2010). While most re-

programming studies were performed in vitro and showed the conversion of non-neuronal cells to 

neurons, the conversion of (immature) spiny neurons of layer 4 to corticospinal motor neurons 

(CSMNs) as well as the conversion of (immature) callosal projection neurons to CSMNs have 

recently been achieved in vivo by over-expression of the transcription factor Fezf2 (De la Rossa 

et al., 2013; Rouaux and Arlotta, 2013). Therefore, there is evidence that post-mitotic neurons in 

the mammalian CNS, in principle, have the capacity to switch their fate after mitosis (at least in 

conjunction with the over-expression of instructive transcription factors). However, whether the 

re-specification of neuronal identity also operates during normal neural development in mammals 

(i.e. without over-expression of exogenous transcription factors) remains to be determined. 

 

4.2.1. Implications of the re-specification of neuronal identity 

 

While I have described in great detail the advantages of uncoupling neurogenesis and neuronal 

differentiation in vsx1
+
 progenitors for BC differentation (see chapter 4.1.2), the uncoupling 

mechanism would seem detrimental to the large proportion of asymmetric vsx1
+
 division that 

generate AC-BC pairs: At first glance, it does not seem advantageous for vsx1
+
 cells to undergo 

BC differentiation until mitotic division and subsequently to be re-specified as an AC. Therefore, 

I next want to address the implications of the uncoupling of neurogenesis and neuronal 

differentiation for asymmetric vsx1
+
 divisions. 
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First, it should be considered as an ameliorating factor that only a small proportion (less than 

10%)
15

 of all post-mitotitc vsx1
+
 cells actually undergo extensive re-specification to become ACs. 

Therefore, the vast majority of cells originating from the vsx1
+
 lineage either profits from (all 

BCs) or is only marginally affected by (ACs derived from undifferentiated vsx1
+
 progenitors of 

the unlaminated retina) the uncoupling of neurogenesis and neuronal differentiation. Second, it is 

conceivable that the zebrafish retina initally (i.e. when it starts to function) rather works as a 

simple light sensor than as a sophisticated device that provides the animal with detailed 

information about the outside world. Strikingly, well before a functional retina forms, a simple 

photomotor response (PMR) mediated by the hindbrain has been described for 1 dpf zebrafish 

(Kokel et al., 2010; Kokel et al., 2013), highlighting the immediate importance of phototactic 

behaviours. Furthermore, it was reported for various species that the retinal synaptic circuitry 

undergoes refinement over an extendend time period after the establishment of first visual 

function (Tian, 2008). Therefore, I would like to speculate that for the acquisition of rudimentary 

visual function, differentiated BCs (which are essential for the channeling of information from 

PRs to RGCs) are more vital than differentiated ACs (which are important for lateral processing), 

and that the uncoupling mechanism could accordingly prioritize for these needs. Third, there 

could also be benefits in keeping vsx1
+
 daughter cells in a plastic state for an elongated time 

period, e.g. to balance excitation (BCs) and inhibiton (ACs) in the retina. Indeed, in experiments 

in which I lowered the number of retinal ACs by ptf1a morpholino injection, I could observe that 

addtional vsx1
+
 cells commenced the differentiation of inhibitory cellular fate as assayed by 

ptf1a:GFP expression (11.4 ± 1.8 Q26
+
ptf1a

+
 double-positive cells per retina in Q26 controls vs. 

                                                           
15

 Only 20% of vsx1
+
 daughter cells are ACs and thus potentially have to undergo AC re-specification. However, 

since the majority of vsx1
+
 progenitors divides in the unlaminated part of the retina and does not undergo an 

extensive BC differentiation prior to mitosis (estimated to be 60% of all vsx1
+
 mitotic divisions), the majority of ACs 

from the vsx1
+
 lineage are not generated by progenitors that underwent extensive BC differentiation. Consequently, 

only a minority of vsx1
+
 ACs (40%) is derived from ‘differentiated’ vsx1

+
 progenitors and thus only about 8% (40% 

x 20%) of all post-mitotic vsx1
+
 cells have to undergo extensive AC re-specification. 
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21.9 ± 2.5 Q26
+
ptf1a

+
 double-positive cells per retina in Q26 ptf1a morphants, p = 0.01). 

Therefore, the possibility of converting BCs to ACs during late(r) stages of neural development 

could be employed as a strategy to fine-tune excitation and inhibition in the retina. This 

possibility seems to be especially plausible in zebrafish, as here, in contrast to many other 

vertebrates (Yeo and Gautier, 2004), developmental cell death is not neccesarily a mechanism for 

the selection of the appropiate neuronal numbers (Biehlmaier et al., 2001). Fourth, it has been 

reported that in the neocortex the origin from a shared progenitor lineage helps to establish 

preferential synaptic connectivity between (excitatory) sister neurons (Li et al., 2012a; Yu et al., 

2009; Yu et al., 2012). So far, I do not have compelling evidence that AC-BC daughter cells are 

synaptically connected, but light-microscopic images strongly suggest a close proximity of AC-

BC neurites (Figure 4.2). Nevertheless, a formal proof of preferential synaptic connectivity is 

particularly challenging in the zebrafish retina, as it would depend on at least one of these three 

experimental strategies: (1) Paired electrophysiological recordings (the method of choice for the 

studies in the neocortex): The application of targeted-recordings (not to mention targeted paired-

recordings) in the larval retina has not been achieved yet. (2) Optogenetic stimulation and 

readout: As the retina itself expresses opsins in photoreceptors and thus is sensitive to blue-light 

stimulation (Sethuramanujam et al., 2016), optogenetic experiments in the retina are not 

straightforward and thus far were largely restricted to time-points before the complete assembly 

of retinal circuitry (Yonehara et al., 2011) or to the restoration of PR function (Busskamp et al., 

2010). (3) Volumetric EM techniques: Techniques to acquire large EM volumes in zebrafish are 

only beginning to be established and particularly the analysis (the tracing of neurites) involves 

exuberant hours of human labor (Helmstaedter et al., 2013; Kasthuri et al., 2015). Therefore, it 

will be difficult to directly address the concept of preferential synaptic connectivity among AC-

BC daughter cells.  
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Figure 4.2 – Neurites of AC and BC siblings overlap on the light microscopic level. 

Confocal image of a fixed 3 dpf retina (injection of ath5:Gal4 into UAS:memYFP fish) showing two isolated AC-BC 

pairs (orange and cyan circles). Since ath5 is not expressed in post-mitotic ACs and BCs, the labeling of an isolated 

AC-BC cell pair suggests its origin from a common (vsx1
+
) progenitor. In each of the two isolated AC-BC pairs, the 

axonal arbor of the BC stratifies in the dendritic field of the AC (the axonal arbor of the BC can be identified as the 

brightest spot in the AC-BC neuropil). 

 

However, I propose that the expression patterns of family members of the synaptic adhesion 

molecules Dscam and Sidekick could alternatively be used as a proxy for synaptic connectivity. 

Various subtypes of Dscam and Sidekick proteins are expressed in non-overlapping populations 

of retinal interneurons and RGCs of the chicken retina, which, in turn, homophilically interact to 

form synapses in distinct sub-laminae of the IPL (Yamagata and Sanes, 2008; Yamagata et al., 

2002). Therefore, it is conceivable that the expression of the same Dscam or Sidekick subtype in 

AC-BC daughter cells should facilitate a synaptic interaction amongst them. Intriguingly, it is 

even conceivable that Dscam or Sidekick molecules are already expressed in vsx1
+
 progenitors, 

and thus a link between the targeting of neurites and the ‘precocious’ neuronal differentiation in 

vsx1
+
 progenitors seems apparent. Indeed, in a pioneering experiment, I could observe non-

apically dividing Dscamb
+
 progenitors in a novel Dscamb transgenic fish line (collaboration with 
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Alvaro Sagasti, UCLA, Los Angeles). Nevertheless, as the cellular fate of the daugther cells 

generated by Dscamb
+
 progenitors is unknown for now (it is possible that non-apically dividing 

Dscamb
+
 progenitors do not give birth to AC-BC pairs) and as Dscam molecules could also 

mediate homophilic repulsion (Fuerst et al., 2009; Fuerst et al., 2008), further experiments will be 

neccesary to gauge the significance of Dscamb
+
 progenitors. 

 

 

4.2.2. The role of Notch during re-specification of post-mitotic vsx1
+
 cells 

 

The Notch pathway has been implicated in numerous processes during neural development in 

invertebrates and vertebrates, most notably (1) to keep progenitors as undifferentiated cells in the 

cell cycle (de la Pompa et al., 1997; Dorsky et al., 1995; Fortini et al., 1993; Imayoshi et al., 

2010; Nye et al., 1994), (2) to control binary fate decisions (Cooper and Bray, 1999; Dong et al., 

2012; Fanto and Mlodzik, 1999; Kechad et al., 2012; Kimura et al., 2008; Peng et al., 2007; 

Quillien et al., 2011; Shin et al., 2007), and (3) to promote gliogenesis (Bernardos et al., 2005; 

Morrison et al., 2000; Scheer and Campos-Ortega, 1999; Scheer et al., 2001; Taylor et al., 2007). 

Using cell-type specific activiation of the Notch pathway by NICD over-expression in Q26
+
 cells, 

I could reveal a dual role for Notch in the re-specification of ACs (see also Figure 3.25): First, 

Notch confers a degree of plascticity which allows for changes in cellular fate. Accordingly, 

nascent Q26
+
 cells committed to the BC fate become responsive to instructive transcripton 

factors. Second, Notch itself is sufficient to induce ptf1a expression (the master regulator for 

inhibitory cell specification in the nervous systems of vertebrates) and thus AC fate is instructed 

in the Q26
+
 daughter cell with high Notch activity. Despite the pleiotropy of Notch, the Notch-

mediated effects in Q26
+
 cells were rather specific: First, Notch did not prevent the molecular 
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and morphologic differentiation of ACs in Q26 NICD. Second, Notch did not exert a gliogenic 

effect in Q26 NICD. Third, the competence of Notch to instruct AC fate in Q26 NICD was 

restricted to a subset of BCs, presumably to BCs derived from asymmetric vsx1
+
 divisions. 

However, virtually all Q26
+
 post-mitotic cells adopted AC fate in Q26 NICD Ptf1a, suggesting 

that, in principle, all BCs have the capabaility to acquire an AC fate but that in Q26 NICD in a 

subset of BCs (presumably BCs derived from symmetric BC-BC divisions) the signaling cascade 

triggering AC specification cannot be activated by Notch alone. Fourth, however, I did observe 

exuberant neuritic growth as a potential side effect of NICD over-expression in Q26
+
 cells (see 

the loss of the ON- and OFF-lamination in the IPL of Q26 NICD retinae as consequence of 

excessive axonal arbors of Q26
+
 cells in Figure 3.23). The observed over-growth of neurites in 

Q26 NICD stands in contrast to the previously reported growth inhibiting effect of Notch on 

neurites during cortical development (Šestan et al., 1999). 

In my experiments, the question of how distinct Notch activity levels are established in daughter 

cells remains unanswered. While a stereotypic cleavage plane orientation during mitotic divisions 

and the resulting asymmetric distibution of Notch pathway modulators (e.g. Numb and Par3) 

have been proposed as mechanism for binary fate decisions in invertebrates and vertebrates 

(Bultje et al., 2009; Cayouette et al., 2001; Frise et al., 1996; Rhyu et al., 1994; Shen et al., 2002), 

I found neither a stereotypic division plane orientation (data not shown) nor the asymmetric 

distribution of Numb and Par3 (data not shown) in retinal vsx1
+
 progenitors. Nevertheless, for 

the generation of V2a and V2b interneurons by vsx1
+
 progenitors of the zebrafish spinal cord, a 

model has been proposed in which initially stochastic differences in Notch signalling activity are 

amplified by a feedback mechanism and thus lead to daughter cells with distinct Notch activity 

(Kimura et al., 2008). Therefore, it is conceivable that a similar stochastic mechanism is at play 

in retinal vsx1
+
 progenitors. 
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To my knowledge, I describe for the first time a role for Notch in conferring plasticity/immaturity 

during binary fate decisions in the developing nervous system. While this function of Notch is 

well described for neuronal progenitors (de la Pompa et al., 1997; Dorsky et al., 1995; Fortini et 

al., 1993; Imayoshi et al., 2010; Nye et al., 1994), I now propose that during binary fate decisions 

Notch-mediated cellular plasticity allows for tissue homeostasis by elongating the time window 

in which cellular fates can be switched. In this context, I uncovered that the extent of Notch-

mediated plasticity can be remarkable: First, using the transcription factor Atoh7 [which is 

naturally suppressed in cells with high Notch activity (Maurer et al., 2014)] in combination with 

NICD, I showed that post-mitotic vsx1
+
 cells can be transformed to RGC-like cells in Q26 NICD 

Atoh7. While the RGC phenotype of transformed cells has still to be confirmed molecularly, 

these experiments are the first to suggest that restrictions of the temporal competence model 

(Cepko, 2014; Kohwi and Doe, 2013) can, in principle, be overcome in vivo (see also Figure 1.5 

and 1.6). Second, as re-programming of neurons is increasingly recognized as a potential 

therapeutic strategy for brain damage (Amamoto and Arlotta, 2014), it will be pivotal to find 

genes which confer plasticity to post-mitotic neurons. In this context, since NICD over-

expression is able to elongate the time period for the re-specification of neuronal identity, it will 

be informative to express NICD along with instructive transcription factors to test if the time 

period for the neuronal re-specification can be prolonged in conjunction with NICD (as is the 

case for ptf1a in Q26
+
 cells). For example, it was shown that callosal projection neurons and 

spiny neurons of layer 4 can only be converted to corticospinal motor neurons before the 

establishment of synaptic circuitry (De la Rossa et al., 2013; Rouaux and Arlotta, 2013). Indeed, 

it is well conceivable that in such a setting a pulse of Notch expression could prolong the time 

period in which the conversion of neuronal subtypes can be instructed, and thus contribute to a 
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modern re-interpretation of Virchow’s famous third tenet of cell theroy: All cells come from 

cells. 
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