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Abstract 

Neurodevelopment is controlled by complex and tightly controlled 

mechanisms. They function to ensure neuronal diversity at the right time and 

location. These processes can be activated non-autonomously when 

surrounding cells release biochemical signals, for example, Hedgehog (Hh) in 

Drosophila melanogaster. Hh signalling is frequently required during 

neurodevelopment where it regulates cell specification and numbers. The 

Drosophila melanogaster visual system is comprised of the retina and the optic 

lobe, which is further divided into four processing layers: lamina, medulla, 

lobula and lobula plate. During the development of the visual system, Hh 

signalling induces photoreceptor differentiation in the eye disc (developing 

retina). Consequently, photoreceptors transmit Hh to the optic lobe to the outer 

proliferation centre neuroepithelium. Photoreceptor-derived Hh induces lamina 

precursor cell (LPC) specification, terminal divisions and characteristic lamina 

column formation. My thesis re-examined the role of Hh signalling in early 

lamina development (prior to and up to column formation) and late lamina 

development (after column assembly). Overall, I discovered multiple instances 

where LPCs developed independently of Hh signalling, where the only 

intervention was blocking cell death. Secondly, I investigated which signal could 

be required to specify LPC fate. I found that blocking the expression of Aop, a 

transcriptional repressor as part of the MAPK cascade, blocked lamina 

development. Finally, I investigated how lamina neuron specification is 

controlled during late lamina development. Inducing high and low levels of Hh 

signalling activity gives rise to different lamina neuron fates. Furthermore, I 
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found that Hh protein was distributed in a gradient. This work is exciting since 

the precise mechanisms that go into gradient formation are yet to be 

understood fully. It has been reported that Hh signalling is disrupted in several 

rat models of neurodegeneration. My findings implicate the genetically tractable 

Drosophila melanogaster lamina as a model to study Hh in survival and as a 

morphogen. 
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Impact Statement 

The work in this thesis greatly impacts the field of developmental biology. I 

challenged the current understanding of Drosophila visual system development 

and proposed a new model by which the motion processing layer, the lamina, 

develops. I discovered a new instance where Hh signalling acts as a survival 

cue. Moreover, I discuss that the pro-survival role of Hh in this instance 

resembles a neurotrophic signal. This would be the first instance of Hh acting 

as a neurotrophic factor. This could have widespread implications including in 

the study of neurodegenerative disorders, where Hh signalling could offer a 

potential therapeutic target. I also draw further understanding of how two brain 

structures, the medulla and the lamina, are specified from the same 

neuroepithelial cell population. This partitioning resembles other examples such 

as the eye and antennal disc formation from the same primordium. This 

research confirms models where opposing mechanisms help to ensure the 

formation of multiple structures from the same neuroepithelial population. 

Furthermore, I outline a novel discovery, due to be published in eLife, where 

photoreceptors set up a Hh morphogen gradient in their target field. This is the 

first instance of a neuron setting up a morphogen gradient in its target field to 

pattern neurons. This has wider implications since there are many examples of 

neurons which express Sonic hedgehog (Shh, the vertebrate homologue) in the 

adult brain. This raises the possibility that Shh morphogen gradients are set up 

in the adult brain to pattern adult neural stem cells. 
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Chapter 1 - Introduction 

The generation of multiple processing layers within the brain is an 

important process. All mammals, including humans, have distinct regions within 

the brain which have conserved roles in neural processing. It is important to 

gain an understanding of their inception and the generation of their neuronal 

subtypes. Developmental biologists use model organisms to ask questions 

quickly and ethically, and as such, generate novel ideas and concepts. These 

concepts have a fundamental impact in medicine, because there is an 

abundance of developmental defects that occur in humans. Furthermore, this 

discipline contributes to our basic understanding of evolution since many 

developmental processes are highly conserved throughout the entire animal 

kingdom. 

In my introduction, I outline the development of the Drosophila 

melanogaster visual system with a focus on the eye disc, lamina, and medulla. I 

proceed to detail the Hedgehog signalling pathway which is one of the most 

important biochemical pathways during development.  
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1.1 Drosophila melanogaster as a model system 

Drosophila melanogaster has been used for over 100 years since the time 

of Thomas Hunt Morgan, who first identified the white gene, which, when 

mutated, results in white eyes (Morgan, 1910). Through years of work 

establishing principles of chromosomal inheritance, it has become a genetically 

tractable model organism with a wealth of genetic tools associated with its use.  

1.1.1.1 Life Cycle 

The Drosophila melanogaster life cycle is relatively short compared to 

vertebrate model systems, such as the chick, zebrafish, and mouse. At 25oC, it 

takes about 10 days from egg fertilization to eclosure, the start of adulthood. 

The major developmental stages are embryogenesis, three larval instars, pupal 

stages (metamorphosis), and eclosure. Embryogenesis occurs over 24hrs where 

DNA replication and nuclear division occur to generate roughly 5000 nuclei per 

embryo. Cellurisation and gastrulation occur to generate the mesoderm, 

endoderm, and ectoderm. Many discrete primordia or imaginal discs are 

specified during embryogenesis from a small group of epidermal cells (Aldaz 

and Escudero, 2010). During the three larval stages (which take about four 

days), imaginal discs undergo proliferation to grow and differentiate into 

specific cell types. Imaginal discs give rise to organs such as the mouth, 

antenna, eye, leg, haltere, wing, and genitalia (Aldaz and Escudero, 2010). 

Once larval development is complete at five days, the larval cuticle becomes a 

hard pupal case, within which metamorphosis occurs. Ecdysone, a steroid 

hormone, globally mediates gene expression from larval gene sets to those of 
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the adult (Yamanaka, Rewitz and O’Connor, 2013). Metamorphosis occurs over 

5 days, during which adult structures form from their respective imaginal discs. 

Adult flies emerge from the pupal case, which is called eclosion. 

One of the useful aspects of Drosophila melanogaster as a model, is that 

they can be raised at different temperatures. One of the few changes that 

occurs at different temperatures is the duration of the life cycle. For example, 

at 18oC, the life cycle to adulthood takes about 19 days (Hales et al., 2015).  
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3rd larval instar
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Figure 1.1 - The Drosophila melanogaster life cycle at 25oC. The timing 

of each developmental stage is displayed next to its associated arrow. 
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1.2 Drosophila melanogaster visual system  

Insect brains are made up of relatively few cells yet retain sufficient 

complexity to complete complex tasks and to confer behavioural plasticity for 

survival in a diverse range of conditions (Keller, 2007; Theobald, 2014). As 

such, they are an ideal system in which to study how cells achieve their final 

fate, location and stoichiometry in the brain during development. In this 

project, I use the Drosophila melanogaster visual system to understand how 

cellular diversity in the brain is achieved and how cells are spatially ordered to 

form a specific, highly ordered topological structure that can coherently relay 

and process information about the external environment.   

 

1.2.1 Organisation and functionality of the visual system 

The Drosophila melanogaster visual system comprises the sensory 

compound eyes (retina) and optic lobes, which send projections to the central 

brain (Nériec and Desplan, 2016). The compound eye is made up of sets of eye 

units, or ommatidia, which receive visual input and transmit to the optic lobes 

for processing. The visual system uses hundreds of units, called visual columns, 

to process visual field information. 
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Figure 1.2 - The Drosophila melanogaster visual system. A schematic 

displaying the retina, lamina, medulla, lobula and lobula plate processing 

layers of the visual systems. A representative neuron type is displayed for 

each processing layer. In purple, are photoreceptors, in light blue, lamina 

neurons, with each of the five lamina neuron aborisations dispayed in the 

medulla. In red is a transmedullary neuron, which projects to the lobula and 

lobula plate, in orange, a medulla interneuron with connections within the 

medulla. The lobula plate T3/T5 neurons are shown in dark blue.
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The cellular organisation of the retina and optic lobes is well 

characterised (K. F. Fischbach and Dittrich, 1989; Kumar, 2012). Each 

compound eye contains around 800 ommatidia, each compromised of 8 

photoreceptors (R1-R8) (accompanied by four cone cells, and two pigment cells 

inside each ommatidium), which project into the optic lobe. R1-R6 

photoreceptors are peripherally positioned in each ommatidia, whereas R7 and 

R8 are located centrally, with R8 just below R7. The optic lobes contain most of 

the neurons in the fly brain, reflecting the importance of visual processing to 

the survival of this animal. Each optic lobe contains approximately 60,000 

neurons, of which there are ~200 cell types (Varija Raghu, Reiff and Borst, 

2011; Özel et al., 2021). The total amount of glia in the CNS of the Drosophila 

melanogaster (of which the visual system makes up the majority) is unclear but 

is estimated to be around 10-15% of the total number of cells in the CNS 

(Freeman, 2015). 

As in the mammalian retina, the visual system in the Drosophila 

melanogaster is organised into layers. The optic lobe is organised into four 

processing layers called the lamina, medulla, lobula, and lobula plate. Neuronal 

cell bodies are in the peripheral areas of the optic lobe (called the cortex) and 

belong to one of two cell types: the interneurons, or the projection neurons 

that interlink in the optic lobe and finally connect to the central brain. The 

lamina is the first neuropil to receive visual input from the photoreceptors in the 

retina. This information is then relayed through the medulla and then on to the 

lobula and lobula plate. These neuropils (medulla, lobula plate and lobula) are 

structured into 10, 4 and 6 layers of synaptic connections respectively.  
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1.2.1.1 The retina and light detection 

Photoreceptors of the ommatidia contain an organelle which senses light 

called the rhabdomere (Hardie and Raghu, 2001; Zelhof and Hardy, 2004). The 

collection of rhabdomeres within a single ommatidium is called the rhabdom. 

Drosophila melanogaster have open rhabdoms (Nilsson and Ro, 1994; Osorio, 

2007). Each of the rhabdomeres within an ommatidium receives input from a 

different visual axis (different point in visual field). These photoreceptors 

undergo rewiring in the lamina during development, so that they connect to the 

same lamina unit, which is called a cartridge. This rewiring process is called 

neural superposition and results in photoreceptors R1-R6 from different 

ommatidia which perceive light from the same point in the visual field 

connecting to the same lamina cartridge (Stavenga, 1975; Langen et al., 2015). 

This results in a 1:1 ratio of lamina cartridges to ommatidia, such that each 

pixel of the visual field is represented by one lamina cartridge (Nériec and 

Desplan, 2016; Erclik et al., 2017; Courgeon and Desplan, 2019).  

The R1-R6 photoreceptors respond to motion, whereas R7 and R8 

respond to colour. As well as having functional differences, these two groups of 

photoreceptors also project to different brain regions. R1-R6 project to the 

lamina first, whereas the medulla is the first neuropil to receive information on 

colour detection from R7 and R8 (K.-F. F. Fischbach and Dittrich, 1989; Morante 

and Desplan, 2008; Takemura, Lu and Meinertzhagen, 2008).  

There are six rhodopsins in the Drosophila melanogaster, Rh1-Rh6, 

which initiate the visual transduction pathway (Hardie and Raghu, 2001; 
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Montell, 2012). Each opsin absorbs one of the three primary wavelength 

ranges, ultraviolet (UV), blue, or green. The R1-R6 only express Rh1 and 

transmit achromatic information, since they respond to a broad spectrum of 

wavelengths (O’Tousa et al., 1985; Zuker, Cowman and Rubin, 1985). 

Interestingly, the retina is occupied by two types of ommatidia, yellow and pale. 

About 65% of R8 and R7 rhabdomeres randomly distributed across the retina 

appear yellow due to a blue-absorbing pigment, while complementary 

rhabdomeres appear pale (Kirschfeld, Feiler and Franceschini, 1978). In the 

yellow types, R7s express Rh4, which is UV-sensitive and R8s express Rh6, 

which is green-sensitive. In the pale types, R7 expresses Rh3, which is sensitive 

to short UV wavelengths, and R8 expresses the blue-sensitive Rh5 (Fryxell and 

Meyerowitz, 1987; Montell et al., 1987; Zuker et al., 1987; Chou et al., 1996; 

Papatsenko, Sheng and Desplan, 1997; Courgeon and Desplan, 2019). In 

comparison to the vertebrate retina, R1-R6 are similar to the rod cells and R7 

and R8s, the cones.  

1.2.1.2 Lamina and motion processing 

The lamina contains five subtypes of monopolar interneurons, L1-L5, 

organised into cartridges that project to the medulla (K.-F. F. Fischbach and 

Dittrich, 1989). There are also seven lamina-associated neuron classes whose 

cell bodies are found in the medulla cortex but which project to the lamina: T1, 

C2, C3, Lamina intrinsic amacrine neurons (Lai), Lamina widefield neurons 1 

and 2 (Lawf 1/2), and lamina tangential neurons (Lat) (K.-F. F. Fischbach and 

Dittrich, 1989; Meinertzhagen and O’Neil, 1991). The L1 - L5 lamina neurons 
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are named according to which layer of the medulla they project to and are the 

only neurons whose cell bodies populate the lamina cortex (K.-F. F. Fischbach 

and Dittrich, 1989). The connectivity between photoreceptors, lamina neurons 

and medulla neurons has been studied, and with recent electron microscopy 

studies, the most characterised connectome so far has been established 

(Meinertzhagen and O’Neil, 1991; Takemura, Lu and Meinertzhagen, 2008; 

Tuthill et al., 2013). L1-L3 neurons receive direct input from photoreceptors R1-

R6 of the compound eye, whereas L4 and L5 do not.  

Motion is detected via two parallel pathways in the visual system: the 

ON-pathway processes moving light edges; the OFF-pathway processes moving 

dark edges (Morante and Desplan, 2008). A moving light edge is detected first 

by photoreceptors which synapse with L1 neurons which, in turn, connect to 

medulla intrinsic neuron 1 (Mi1) and transmedullary neuron 3 (Tm3) in the 

medulla (Behnia and Desplan, 2015). A moving dark edge is specifically 

detected by L2 neurons, which connect to Tm1 and Tm2 cells (Behnia and 

Desplan, 2015). L1 and L2 neurons are essential in basic motion detection, 

while the other lamina neurons act to refine information (Tuthill et al., 2013; 

Behnia et al., 2014).  

L3 neurons are involved in the OFF pathway and respond to contrast 

changes (brightening or darkening) (Silies et al., 2013). L4 neurons are a 

crucial part of the OFF pathway and act either downstream or in conjunction 

with L2 neurons (Zhu et al., 2009; Silies et al., 2013; Meier et al., 2014). Each 

L1-L5 neuron was investigated in the context of subtype-specific neuron-

silencing experiments. As expected, behaviours and electrophysiological 
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responses to light and dark moving edges are abolished when lamina neuron 

activity is blocked (Joesch et al., 2010; Clark et al., 2011). However, these 

investigations did not reveal a functional role for the L5 neurons, making it the 

last of the lamina monopolar neurons whose function is yet to be found (Tuthill 

et al., 2013).  

1.2.1.3 Medulla 

The medulla is divided into ten layers, M1-M10. R7s project to the M6 

layer, R8s to the M3 layer. L1-L5 neurons project to their numbered medulla 

layer, L1s the M1, L2s to M2 etc. (C. H. Lee et al., 2001; Nern et al., 2005; 

Prakash et al., 2005; Ting et al., 2005; Matthews, Corty and Grueber, 2008; 

Timofeev et al., 2012). The synaptic connections of R7, R8s and the lamina 

neurons are restricted to medulla columns, of which there are ~800. This 

demonstrates the retinotopic mapping of the visual system, such that the 1:1 

ratio of ommatidia to lamina columns is maintained in the medulla. The wiring 

networks within the medulla are incredibly complex. There are at least 12 

medulla intrinsic neuron, 26 transmedullary neuron, and 13 transmedullary Y 

neuron subtypes (K.-F. F. Fischbach and Dittrich, 1989; Morante and Desplan, 

2008). Furthermore, medullary neurons have layer specific morphology and 

synaptic connectivity, often synapsing with up to three or four other neurons 

(Takemura, Lu and Meinertzhagen, 2008).  

The medulla has been shown to be involved in colour and motion 

pathways of vision. The medulla is the first step in the colour pathway at the 

M3 (R7-specific) and M6 (R8-specific) layers. Tm5 and Tm9 receive synaptic 
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input from multiple neuron subtypes: R7 and R8 photoreceptors, wide field 

amacrine Dm8 neurons which receive input from multiple R7 neurons and L3 

neurons (Gao et al., 2008). Dm8 neurons are required for a characteristic 

preferential response of the fly towards UV light (Gao et al., 2008). 

One aspect of medulla motion processing is that the two ON and OFF 

pathways require processing steps, one which differentially introduces a delay 

in spatial input signals, and another which processes brightness differences 

between signals. This processing follows the Hassenstein-Reichardt correlator 

model (Clark et al., 2011; Behnia et al., 2014; Frye, 2015). These processing 

steps are performed twice, anti-symmetrically and results in providing 

information of the direction and speed of motion (Clark et al., 2011; Behnia et 

al., 2014; Frye, 2015). Specific medulla neurons have been shown to process 

brightness increments via the L1 ON pathway, through the actions of Mi1 which 

has a delayed response to a stimulus compared with Tm3 (Behnia et al., 2014). 

However, through the L2 OFF pathway, Tm1 and Tm2 respond to brightness 

decrements, where Tm1 is delayed compared to Tm2 (Behnia et al., 2014). This 

demonstrates a coincidence detection mechanism whereby information of 

direction and speed are conveyed.  
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1.2.2 The development of the Drosophila melanogaster visual 

system 

How is this complex system built in the first place? More specifically: how 

is each cell type produced with the correct identity, location and stoichiometry? 

In this section, I aim to address the current literature with respect to eye disc, 

lamina and medulla development since my project relates to these structures 

only. Lamina development is dependent on photoreceptors and the same 

neuroepithelium population that gives rise to the lamina, also gives rise to the 

medulla. 

1.2.2.1 Eye disc development 

Eye development is a long process that begins during embryogenesis 

when the eye-antennal disc is patterned and finishes during pupal 

development. I will briefly outline the major steps in eye development up to 

metamorphosis. 

In the larval stages, the eyes and antennae develop from the eye-

antenna imaginal disc. The posterior region gives rise to the eye while the 

anterior region develops into the antenna. The generation of photoreceptors 

from the eye disc epithelium occurs as a wave of differentiation marked by the 

morphogenetic furrow (MF), which sweeps through the disc from posterior to 

anterior starting in the early third larval instar (Benlali et al., 2000; Escudero, 

Bischoff and Freeman, 2007). The MF progresses through the naïve epithelium 

and initiates the differentiation of photoreceptors. Therefore, the MF marks the 
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boundary between undifferentiated and differentiated cells. One characteristic 

of this system is that naïve epithelium ahead of the MF (anterior) proliferate, 

whereas the MF marks the point at which epithelium synchronously arrest in 

the G1 phase of the cell cycle (Richardson et al., 1995; Penton, Selleck and 

Hoffmann, 1997; Thomas et al., 1997; Secombe et al., 1998). 

There are many mechanisms at play which regulate the initiation and 

progression of the MF, including at least 10 transcription factors, and five 

biochemical pathways. These transcription factors make up the retinal 

determination gene network (RDGN) factors including eyeless (ey), twin of 

eyeless (toy), eyes absent (eya), sine oculis (so), dachshund (dac), optix, 

teashirt (tsh), and homothorax (hth) (Bonini, Leiserson and Benzer, 1993a; 

Cheyette et al., 1994; Mardon, Solomon and Rubin, 1994; Serikaku and 

O’Tousa, 1994; Halder, Callaerts and Gehring, 1995; Czerny et al., 1999; 

Seimiya and Gehring, 2000). Expression of these retinal determinants in non-

retinal tissue, such as the wings, legs and antenna, induces ectopic retinal cells 

or ‘eyes’ (Halder, Callaerts and Gehring, 1995; Pignoni et al., 1997). 

Many signalling pathways have been shown to be involved in MF 

initiation, including Notch, Wingless (Wg), EGFR, JAK/Stat, Hedgehog (Hh) and 

Decapentaplegic (Dpp).  

In the first larval instar, dpp is expressed at the ventral margin of the 

early eye disc. Later in the second instar, dpp is expressed along the posterior 

margin of the eye disc (Blackman et al., 1991; Chanut and Heberlein, 1997; 

Pignoni and Zipursky, 1997; Cho et al., 2000). Cells of the peripodial membrane 
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express ey which functions to initiate the MF by inducing dpp expression (Baker 

et al., 2018). Expression of dpp a homologue of the bone morphogenetic 

proteins (BMPs), is an absolute requirement of MF initiation (Sarkar et al., 

2018). When Dpp signalling is blocked in the posterior margin of the eye disc, 

MF initiation is blocked. Ectopic Dpp expression can induce ectopic MF 

formation, however only in the anterior margin of the eye disc (Pignoni and 

Zipursky, 1997). During the third larval instar, Dpp induces the expression of 

Hh (Heberlein, Wolff and Rubint, 1993; Ma, Zhou, Philip A Beachy, et al., 1993; 

Simon Greenwood and Struhl, 1999) and the RDGN factors dac, so, and eya 

(Chen et al., 1999).  

Hh is required for the initiation of the MF. When Hh signalling is blocked 

by inducing smoothened (smo – a positive regulator of Hh signalling) mutant 

clones at the eye disc margin, photoreceptors are absent. Inducing ectopic Hh 

signalling activity is sufficient to induce ectopic MF initiation (Ma and Moses, 

1995; Domínguez and Hafen, 1997; Royet and Finkelstein, 1997; Strutt and 

Mlodzik, 1997; Domínguez, 1999). While EGFR, Notch, and JAK/STAT loss of 

function mutations have also been shown to induce defects in MF initiation, Dpp 

and Hh are the main initiating factors downstream of ey (Pauli et al., 2005; 

Rogers et al., 2005).  

The next step is the progression of the MF, which also relies on Dpp and 

Hh signalling. dpp is expressed in the MF, whereas hh is expressed posterior to 

the MF in differentiating photoreceptors (Blackman et al., 1991b; Domínguez 

and Hafen, 1997). Dpp is required to repress the expression of wg, a 

homologue of the Wnt proteins, which is expressed on the anterior side of the 
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MF and acts as a negative regulator of photoreceptor differentiation (Ma and 

Moses, 1995; Treisman and Rubin, 1995; Burke and Basler, 1996; Seto and 

Bellen, 2004). Hh is the main factor which initiates differentiation of 

photoreceptors by inducing the expression of the basic helix-loop-helix (bHLH) 

transcription factor, atonal (ato) (Jarman et al., 1994). Hh induces the 

expression of ato via the Notch and ERK signalling pathways (Simon 

Greenwood and Struhl, 1999; Baonza and Freeman, 2001; Fu and Baker, 2003). 

These newly differentiated photoreceptors secrete Hh themselves, thereby 

driving the wave of differentiation. This Hh induces the expression of dpp in 

epithelia of the MF (Domínguez and Hafen, 1997; Strutt and Mlodzik, 1997). 

Thus, a self-propagating wave of differentiation is induced. 

At first, Atonal is broadly expressed, but over time its expression refines 

into individual cells spaced apart through Notch-mediated lateral inhibition 

(Simpson, 1990; Artavanis-Tsakonas, Rand and Lake, 1999). These cells are the 

first photoreceptors born and they differentiate into R8s. R8s secrete Spitz (one 

of four Drosophila melanogaster epidermal growth factor, EGF, homologues) to 

recruit R2s and R5s into the ommatidial cluster. Together they recruit R3s and 

R4s, then R6s and R1s (Freeman, 1996; Miller and Cagan, 1998; Sukhanova et 

al., 2011). R8 expression of the membrane-bound, receptor tyrosine kinase 

ligand, Bride of Sevenless (Boss) in combination with Delta, the Notch signalling 

ligand, expressed in R1-R6s, causes R7 recruitment and specification 

(Tomlinson and Struhl, 2001; Tomlinson, Mavromatakis and Struhl, 2011).  
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Figure 1.3 - The development of the Drosophila melanogaster 

eye-antennal disc. The eye-antennal disc is specified during embryogene-

sis, after which it undergoes a period of proliferation and growth. During the 

second larval instar, Notch and EGFR signalling antagonise each other to 

partition the antennal and eye regions of the imaginal disc. Notch signalling 

favours antennal identity and EGFR, eye identity. During the thrid larval 

instar, photoreceptors sequentially differentiate. This differentiation occurs in 

the wake of the morphogenetic furrow, a band of apically constrincting neu-

roeptiehlial cells. The propagation of the morphogenetic furrow depends on 

Hh signalling, which is facilliated by Dpp. This induces photoreceptor differen-

tiation, which in turn, express Hh and Dpp. Wg is expressed in the anterior 

region of the eye disc which represses eye fate. The ERK and Notch signalling 

pathways are required later during the specification of the eight photore-

ceptor subtypes, R1-R8.
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1.2.2.2 Formation of the neuroepithelium outer and inner proliferation centres 

(OPC and IPC) in the optic lobe 

The optic lobe develops from the posterior portion of the embryonic 

head (Green, Hartenstein and Hartenstein, 1993; Nassif, Noveen and 

Hartenstein, 2003). During embryogenesis, optic lobe precursor cells divide four 

times and enter quiescence to form the optic placode, a flat structure 

comprised of densely packed columnar cells (Green, Hartenstein and 

Hartenstein, 1993; Hakes, Otsuki and Brand, 2018). At the same time, the 

central brain and ventral nerve cord develops from delaminating neuroblasts, 

which are neural stem cells (Hakes, Otsuki and Brand, 2018). Next, the optic 

placode attaches to the ventro-lateral surface of the developing central 

brain/ventral nerve cord complex. The optic placode invaginates via apical 

constriction to form a V-shape across the antero-posterior axis (White and 

Kankel, 1978; Hofbauer and Campos-Ortega, 1990; Green, Hartenstein and 

Hartenstein, 1993). During the first larval instar, cells at the anterior-dorsal tip 

split off to generate two groups of neuroepithelia, the Outer Proliferation Centre 

(OPC) and the Inner Proliferation Centre (IPC) (Nassif, Noveen and Hartenstein, 

2003). The OPC and IPC neuroepithelia each assume a crescent shape during 

the second larval instar where the two tips point posteriorly. Halfway through 

the first larval instar, larval feeding triggers proliferation (Hofbauer and 

Campos-Ortega, 1990; Lanet, Gould and Maurange, 2013; Hakes, Otsuki and 

Brand, 2018). 
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Up until this time, both the OPC and IPC remain in contact, but are 

distinct in terms of the expression of Fascillin 3 (Fas3), which is expressed by 

the IPC (Apitz and Salecker, 2014b). Newly generated cells separate the two 

neuroepithelial populations by the end of the first larval instar (Egger, Jason Q. 

Boone, et al., 2007). The OPC and IPC continue to proliferate throughout the 

second larval instar and by the end of this stage, OPC neuroepithelial cells give 

rise to medulla neuroblasts which divide asymmetrically to give rise to medulla 

neurons and glia (Egger, Jason Q. Boone, et al., 2007). At the lateral margin of 

the OPC, neuroepithelial cells also give rise to LPCs, which differentiate into 

lamina neurons (Zhen Huang and Kunes, 1996; Huang, Shilo and Kunes, 1998; 

Z. Huang et al., 1998). Neuroepithelium expansion is controlled by the Notch, 

JAK/STAT, and Fat/Hippo pathways which promote neuroepithelial proliferation 

and growth (Egger, Gold and Brand, 2010; Reddy, Rauskolb and Irvine, 2010; 

Kawamori et al., 2011; Wang, Liu, et al., 2011; Weng, Haenfler and Lee, 2012; 

Pérez-Gómez et al., 2013; Contreras et al., 2018; Tanaka et al., 2018). 

The OPC is compartmentalized by the expression of transcription factors: 

visual system homeobox-1 (Vsx1), Optix, and Retinal homeobox (Rx) and the 

expression of biochemical signalling pathway ligands: Wg, Dpp, and Hh 

(Kaphingst and Kunes, 1994; Erclik et al., 2008, 2017; Gold and Brand, 2014; 

Suzuki, Trush, et al., 2016). These compartments give rise to different types of 

neuronal subtypes (Erclik et al., 2017) 

The IPC gives rise to the lobula and lobula plate neurons and glia. Four 

domains of the IPC have been characterised: proximal IPC, surface IPC, distal 

IPC, and four streams of migratory progenitor cells (Apitz and Salecker, 2014b). 
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The distal IPC gives rise to several proximal medulla neurons and the T4/T5 

motion detector neurons (Apitz and Salecker, 2014b). For a detailed review of 

lobula and lobula plate development from the IPC, see Contreras, Sierralta and 

Oliva, 2019. 

The lamina furrow was compared heavily to the morphogenetic furrow in 

the eye disc since the same pathways are required for neurogenesis in each 

context (Selleck and Steller, 1991; Selleck et al., 1992; Zhen Huang and Kunes, 

1996). However, one distinction is that the morphogenetic furrow sweeps from 

posterior to anterior, whereas the lamina furrow remains in the same position 

(Treisman and Rubin, 1995; Strutt and Mlodzik, 1997; Bostock et al., 2020). In 

both cases, Hh signalling drives the formation of a structure, either the eye or 

the lamina. However, Hh induces photoreceptor differentiation in the eye, but is 

required for cell-cycle progression and column formation in the lamina. 

1.2.2.3 Lamina development 

Lamina development depends on extrinsic cues derived from 

photoreceptors and glia (Selleck and Steller, 1991; Selleck et al., 1992; Zhen 

Huang and Kunes, 1996; Huang, Shilo and Kunes, 1998; Z. Huang et al., 1998; 

Chen, del Valle Rodriguez, et al., 2016; Daniele, Chu and Kunes, 2017; 

Fernandes et al., 2017; Rossi and Fernandes, 2018).  

As the photoreceptors develop, they project axons to the optic lobe. The 

axons from different photoreceptors and ommatidia bundle together in a 

structure called the optic stalk and project to the posterior edge of the OPC 

where they contact a neuroepithelial fold called the lamina furrow (Zhen Huang 
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and Kunes, 1996; Huang, Shilo and Kunes, 1998; Z. Huang et al., 1998). On 

the lateral side of the LF, neuroepithelial cells give rise to LPCs, which later 

differentiate into lamina neurons. Photoreceptor ingrowth was shown to be 

required for lamina development, since in mutants lacking photoreceptors (eya, 

so, lobe mutants), the lamina fails to develop (Selleck and Steller, 1991; Selleck 

et al., 1992; Zhen Huang and Kunes, 1996). Photoreceptors secrete two signals 

required for multiple aspects of lamina development, Hh and Spitz.  

Hh is crucial for LPC development. The only source of Hh for the optic 

lobe during lamina development are the photoreceptors (Zhen Huang and 

Kunes, 1996). In eya1 null mutants, overexpressing Hh in the optic lobes was 

sufficient to restore lamina development (Zhen Huang and Kunes, 1996). The 

Kunes lab used a temperature-sensitive hh mutant, hhts2, which when shifted to 

the non-permissive temperature (29oC) inhibits Hh function (Ma, Zhou, Philip A. 

Beachy, et al., 1993). By shifting to the non-permissive temperature, they 

found that Dachshund (Dac – early marker of LPCs) expression in the lamina 

was completely abolished (Zhen Huang and Kunes, 1996). Furthermore, they 

cleverly restricted Hh function such that there was sufficient Hh activity during 

the early stages of photoreceptor differentiation, but Hh function was blocked 

before it was transmitted to the lamina. This experiment also showed that only 

photoreceptor derived Hh was required for the formation of LPCs (Selleck and 

Steller, 1991; Selleck et al., 1992; Zhen Huang and Kunes, 1996). Furthermore, 

smo mutant clones were induced (which blocks Hh pathway activity) which 

blocked Dac expression and LPC formation (Z. Huang et al., 1998). These data 

confirmed that photoreceptor derived Hh was required for LPC development.  
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As photoreceptor ingrowth occurs, LPCs arrested in G1 enter S phase, 

then terminally divide to become post-mitotic as they populate the columns of 

the lamina (Selleck et al., 1992; Zhen Huang and Kunes, 1996). Photoreceptor-

derived Hh is required to induce the terminal division of LPCs (Selleck et al., 

1992; Zhen Huang and Kunes, 1996). Using the same experimental parameters 

as before for raising the hhts2 mutant (to allow photoreceptor differentiation but 

block lamina development), neuroepithelial cells on the posterior side of the LF 

arrest in the G1 phase of the cell cycle and are unable to undergo S phase 

(Zhen Huang and Kunes, 1996). The same result occurs when photoreceptor 

differentiation is blocked completely (Selleck et al., 1992; Zhen Huang and 

Kunes, 1996). 

As photoreceptors form, axons from within an individual ommatidium 

bundle together and project to the OPC where they form columns, which are 

subsequently populated by an average of six LPCs each. LPCs become post-

mitotic in the pre-assembling domain which is the distal most region of the 

posterior side of the LF. Hh signalling promotes expression of a transcription 

factor called single minded (sim) in LPCs, which regulates the adhesion 

molecules involved in lamina column formation (Umetsu, 2006). When smo 

mutant clones were induced within the posterior side of the LF, sim expression 

was abolished (Umetsu, 2006). Furthermore, in sim mutants, LPCs could not 

integrate into lamina columns, but instead accumulated in the LF, specifically in 

the pre-assembling domain (Umetsu, 2006). Sim promotes expression of hibris, 

a Nephrin homologue in LPCs (Sugie et al., 2010). Hibris is the binding partner 

of Roughest, which is present on photoreceptor membranes. The interaction 
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between Hibris and Roughest in LPCs and photoreceptors, respectively, 

coordinates lamina column formation (Sugie et al., 2010). This was confirmed 

in hibris and roughest mutants, where LPCs fail to incorporate into columns, as 

in sim mutants (Umetsu, 2006; Sugie et al., 2010).  

Photoreceptors also secrete Spitz. LPCs require photoreceptor-derived 

Spitz to instruct their differentiation into lamina neurons. Spitz is received by 

wrapping glia, which are situated at the base of the retina where they ensheath 

photoreceptor axons into the optic stalk, a process dependent on the Fibroblast 

growth factor receptor (FGFR) signalling pathway (Franzdóttir et al., 2009; 

Fernandes et al., 2017; Rossi and Fernandes, 2018). Spitz activates the 

EGFR/ERK pathway in wrapping glia, which leads to the secretion of Insulin-like 

Peptides 6 and 7 (Ilp6/7) (Fernandes et al., 2017). As the processes extend 

deeper into the lamina, LPCs in columns begin differentiating sequentially from 

top to bottom in response to Ilp6/7. Differentiation of LPCs is marked by the 

presence of the pan-neuronal factor Embryonic lethal eyes absent (Elav) the 

Drosophila melanogaster homolog of the Hu-antigen R protein (Huang, Shilo 

and Kunes, 1998). Four of the seven LPCs in a column respond by expressing 

Elav and subsequently differentiating via the ERK signalling pathway into the 

L1-L4 neurons. The order of differentiation is L2 then L3, L1, and L4 (Fernandes 

et al., 2017).  

L5 neurons also differentiate at the most proximal part of each lamina 

column at the same time as each L2 in successive columns, but do not require 

signals from wrapping glia (Fernandes et al., 2017). Instead, L5s differentiate in 

response to Giant glia-derived Spitz, the expression of which is induced by 
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photoreceptor-derived Spitz (Prasad et al., 2022). The remaining LPCs that do 

not differentiate, die by apoptosis. In fact, when differentiation is forced in all 

LPCs in the lamina, the LPCs that normally die via apoptosis are specified and 

differentiate into L5s (Prasad et al., 2022). It was shown beautifully that once 

L5s differentiate, they release Argos, an extracellular repressor of Spitz. Argos 

functions to block Spitz after it induces L5 differentiation such that the 

immediately adjacent LPC does not receive a differentiation signal, and thus 

dies (Prasad et al., 2022). 

While the formation of LPCs relies on Hh signalling, a larger 

transcriptional network including Glial cells missing (Gcm), Eya, and So are also 

involved. Eya and So expression is mutually dependent and are necessary for 

dac expression (Piñeiro, Lopes and Casares, 2014). Their expression is 

downregulated by Homothorax (Hth) which is expressed in the medial 

neuroepithelium. Dac expression itself represses hth expression to promote LPC 

identity and column formation via Sim expression (Piñeiro, Lopes and Casares, 

2014). In deficiency MARCM clones Df(2L)200, which removes both gcm and 

gcm2 genes, Dac expression is lost (Chotard and Salecker, 2007).  
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Figure 1.4: The development of the lamina and medulla. The lamina and 

medulla develop from the same band of neuroepithelial cells, the outer 

proliferation centre (OPC). (B) The lamina develops on the lateral side of the 

OPC in response to photoreceptor derived Hh. Hh induces Dachshund 

expression in LPCs, a G1-S phase transition resulting in terminal division, and 

column formation. (C) Later LPCs differentiate into lamina neurons, of which 

there are five subtypes L1-L5. LPC differentiation is controlled by glia, which 

respond to EGF from photoreceptors by activating the ERK signalling pathway in 

LPCs which results in their differentiation. Wrapping glia, which ensheath 

photoreceptor axons, temporally control differentiation through their 

morphogenesis. As they project into the lamina, they induce more proximal 

differentiation (D) The medulla develops from medial neuroepithelial cells. A 

pro-neural wave of neuroepithelial to neuroblast transition occurs under the 

control of EGFR and Notch signalling. EGFR signalling induces the expression of 

lethal of scute, which induces neuroepithelial to neuroblast transition. EGFR 

signalling also induces the expression of Rhomboid, which is required for the 

secretion of Spitz, the EGF homologue in flies. This induces the pro-neural 

wave. This pace of wave progression through the neuroepithelium is controlled 

by the repressive action of Notch. Jak/STAT and Fat/Hippo signalling control the 

expansion of the neuroepithelial cell population. 
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1.2.2.4 Medulla development 

Medulla development has been studied in detail (Egger, Jason Q Boone, 

et al., 2007; Yasugi et al., 2008, 2010; Reddy, Rauskolb and Irvine, 2010; 

Wang, Liu, et al., 2011; Weng, Haenfler and Lee, 2012; X. Li et al., 2013; Zhou 

and Luo, 2013).  

OPC neuroepithelial cells sequentially convert into neuroblasts in a wave 

of neurogenesis called the proneural wave. Members of the proneural Achaete-

Scute (Ac-Sc) complex of bHLH transcription factors are expressed in the OPC. 

sc is expressed in all neuroepithelial cells, but ac is not. Asense (Ase) is 

expressed in neuroblasts and ganglion mother cells (GMCs), and Lethal of scute 

(l(1)sc) is expressed in a band of one/two cells transiently (Egger, Jason Q. 

Boone, et al., 2007; Yasugi et al., 2008). The transient expression of l(1)sc 

marks the progress of the proneural wave through the OPC.  

The regulation of proneural wave propagation has been heavily studied 

and is a result of the combined actions of EGFR, Notch, JAK/STAT, and 

Fat/Hippo pathways.  

Notch is expressed highly in the OPC neuroepithelial cells except for the 

l(1)sc-positive neuroepithelia which have lower levels, but instead have 

elevated expression of Delta (Dl), the ligand that activates Notch signalling 

(Egger, Jason Q. Boone, et al., 2007; Yasugi et al., 2008; Egger, Gold and 

Brand, 2010). Furthermore, targets of Notch signalling, including enhancer of 

split (e(spl)) genes, are expressed in the posterior neuroepithelial cells 

immediately adjacent to l(1)sc expressing cells. When Notch signalling is 
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blocked, the proneural wave progresses faster since neuroepithelial cells 

transition to neuroblasts sooner than wild-type cells (Bier et al., 1992). Blocking 

Notch is sufficient to induce ectopic neuroblast formation (Egger, Gold and 

Brand, 2010). 

EGFR signalling drives the progression of the proneural wave and is the 

key pathway which induces neuroepithelium to neuroblast transition (Yasugi et 

al., 2010). EGFR signalling activates the ERK signalling pathway which results in 

the expression of the ETS transcription factor pntP1. The expression of pntP1 

occurs in four cells including the two l(1)sc-positive cells and two 

neuroepithelial cells immediately posterior. This region is called the transition 

zone where neuroepithelium convert to neuroblasts. The transition zone is 

divided into PII, which express l(1)sc, and PI, which express pntP1 (Egger, 

Jason Q. Boone, et al., 2007; Egger, Gold and Brand, 2010; Yasugi et al., 

2010). In pnt mutant clones, l(1)sc expression is lost and the conversion of 

neuroepithelial cells to neuroblasts does not occur. Hyperactivating the EGFR 

pathway is sufficient to induce premature l(1)sc expression compared to wild-

type tissue (Yasugi et al., 2010). Thus, EGFR signalling is necessary and 

sufficient for proneural wave progression. Another consequence of EGFR 

signalling is the expression of Rhomboid (Rho) which mediates the post-

translational processing and activation of Spitz. This results in Spitz release 

from PII progenitors which induces EGFR signalling in the PI progenitors 

(Yasugi et al., 2010). Crucially, EGFR signalling induces L(1)sc and Dl 

expression, which causes subsequent downregulation of Notch expression 

(Yasugi et al., 2010). The actions of EGFR and Notch are mutually antagonistic 
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since hyperactivating Notch signalling represses pntP1 expression (Yasugi et al., 

2010). Thus, a propagating wave initiated by EGFR whose pace is set by Notch 

activity is induced (Yasugi et al., 2010). 

The Janus Kinase (JAK)/signal transducer and activator of transcription 

(STAT) pathway also acts in medulla development to expand the 

neuroepithelium population. Blocking the JAK/STAT pathway leads to a 

reduction in the neuroepithelium population, whereas hyperactivation increases 

it (Yasugi et al., 2008; Wang, Li, et al., 2011; Wang et al., 2013). Furthermore, 

JAK/STAT signalling represses the neuroepithelium to neuroblast transition. 

When the JAK/STAT pathway was blocked in clones, the neuroepithelium 

prematurely converted to neuroblasts (Yasugi et al., 2008; Wang, Li, et al., 

2011).  

Fat/Hippo signalling regulates the growth and proliferation of the OPC 

neuroepithelium (Reddy, Rauskolb and Irvine, 2010). Fat and another proto 

cadherin called Expanded (Ex) activate the Hippo/Warts complex resulting in 

the inhibition of Yorkie (Yki), a transcriptional activator. One target gene is 

bantam, a microRNA which is required for OPC growth (Brennecke et al., 2003; 

Thompson and Cohen, 2006; Li and Padgett, 2012). Ectopic overexpression of a 

constitutively active version of Yki, YkiS3A, led to hyperproliferation and 

expansion of the OPC neuroepithelium (Reddy, Rauskolb and Irvine, 2010; 

Kawamori et al., 2011). Fat/Hippo also causes the timely conversion of 

neuroepithelium to neuroblasts. Neuroepithelium undergo an elongated G1 

phase before the conversion to neuroblast (Reddy, Rauskolb and Irvine, 2010). 

This pause in the cell cycle is mediated by the Fat/Hippo pathway-dependant 
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regulation of E2F1, a cell cycle regulator. The delay in the G1 phase allows for 

the sufficient expression of Delta in the neuroepithelium to allow for Notch 

signalling blockage via a process called cis inhibition (Reddy, Rauskolb and 

Irvine, 2010). Furthermore, in fat mutants, hyperactivating the EGFR/ERK 

pathway and overexpression of Rho are sufficient to rescue neuroepithelium to 

neuroblast transition (Kawamori et al., 2011). This suggests that Fat/Hippo 

might control pro-neural wave progression via mediating Spitz secretion. 
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1.3 Current gaps in the lamina development model 

While lamina development has been well studied, there are some 

unexplained gaps that have not been addressed.  

Which mechanism governs LPC specification in the OPC? The role of Hh 

signalling was tested by blocking the Hh pathway, either autonomously in LPCs 

or by removing the source of Hh (Zhen Huang and Kunes, 1996; Z. Huang et 

al., 1998). Blocking Hh signalling blocked the formation of LPCs. This showed 

that Hh signalling was necessary for LPC development. However, when Hh was 

reintroduced into eyeless mutants, it was able to rescue lamina development, 

but only on the lateral side of the lamina furrow (Zhen Huang and Kunes, 1996; 

Z. Huang et al., 1998). Hyperactivation of the Hh pathway in the rest of the 

OPC did not induce ectopic LPCs. Therefore, while Hh signalling is necessary for 

lamina development, it is not sufficient to induce LPC formation.  

Is the onset of Dac expression the beginning of LPC specification? The 

most used marker for LPC identity is Dac. With the current model that Hh is 

required for Dac expression, this suggests that lamina development begins with 

Dac expression. However, there are multiple genes which are known to be 

either lamina-specific or required for lamina development, whose onset of 

expression begins in more anterior regions of the lamina furrow than the onset 

of Dac expression. These genes include glial cells missing (gcm), tailless (tll), 

and eya, and in mutants, lamina development is perturbed (Chotard, Leung and 

Salecker, 2005; Piñeiro, Lopes and Casares, 2014).  
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How are five lamina neuron subtypes, L1-L5, patterned? The lamina 

neuropil is simple compared to the others, being made up of only five subtypes 

of neuron. However, no mechanism has been discovered which governs the 

specification of these five distinct lamina neurons. Currently, we assume that 

LPCs are equipotent and can give rise to any of the lamina neuron subtypes 

(Zhen Huang and Kunes, 1996; Z. Huang et al., 1998). But what are the 

mechanisms that pattern lamina neurons? 

The development of the lamina is the subject of this thesis. Since Hh 

signalling has been shown to be one of the main players in lamina 

development, I will review the pathway and its regulation in the next section.  
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1.4 The Hh biochemical Pathway 

The Hh pathway is a fundamental developmental signal which is necessary 

for organogenesis, patterning, stem cell maintenance, differentiation, 

proliferation, regeneration and homeostasis. Hh signal transduction has been 

extensively studied in fruit flies, and in vertebrate models including the chick, 

zebrafish and mouse. While yeast do not express a Hh gene, there are 

homologous genes that encode some of the core components of the Hh 

pathway. These were characterised by Christiane Nusslein-Volhard and Eric 

Wieschaus in genetic screens for genes involved in the formation abdominal 

body segments of the Drosophila melanogaster embryo (Nüsslein-volhard and 

Wieschaus, 1980; Nüsslein-Volhard, Wieschaus and Kluding, 1984). I will focus 

mostly on Drosophila melanogaster Hh signalling, however much of the 

pathway was discovered in the other animal models and there is considerable 

conservation of the Hh pathway between them. 

 

1.4.1 Biogenesis 

All Hedgehog proteins are made as ~45kDa proteins which undergo a 

series of post-translational modifications (Bürglin, 2008). They are made up of a 

N-terminal polypeptide containing a signal sequence and a highly conserved 

“Hedge” domain and a C-terminal polypeptide containing the highly conserved 

“Hog” domain (Koonin, 1995; Bürglin, 2008). The Hedge domain harbours 

signalling activity of the Hh protein, whereas one of the only functions of the 

Hog domain is to promote an autocleavage reaction (Lee et al., 1994). The full-
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length Hh protein contains a signal sequence that directs it to the endoplasmic 

reticulum for processing (Lee et al., 1992; Chen et al., 2011). The Hog domain 

contains a “Hint” region which is required for autocleavage, the result of which 

are two peptides, the N-terminal Hh (HhN) and C-terminal Hh (HhC) (Tanaka 

Hall et al., 1997). The cleavage relies on a nucleophilic attack on a highly 

conserved GCF motif, in which cholesterol is recruited and covalently bonded by 

a sterol recognition region of the Hog domain (Porter et al., 1995, 1996; 

Beachy et al., 1997). While cholesterol is the only nucleophile to be observed in 

vivo attacking Hh, other sterols can compensate in vitro (Cooper et al., 1998). 

After the autocleavage reaction, HhC is degraded by an ER-associated 

degradation pathway (Chen et al., 2011).  

The next step of Hh processing is the palmitoylation of the N-terminal of 

the newly cleaved HhN domain which is catalysed by Hedgehog 

acetyltransferase, or Rasp/Skinny hedgehog in Drosophila melanogaster 

(Chamoun et al., 2001; Lee and Treisman, 2001; Micchelli et al., 2002; Buglino 

and Resh, 2008, 2010). Palmitoylation of Hh occurs after the signal sequence 

on the N-terminal of HhN is cleaved in the endoplasmic reticulum (Buglino and 

Resh, 2008, 2012). The signal sequence is required for palmitoylation since its 

deletion blocks Hh palmitoylation (Buglino and Resh, 2008). Thus, transit 

through the secretory pathway is essential for Hh processing (Buglino and 

Resh, 2008). After signal sequence removal, a free cysteine amino group is 

available for binding of palmitate (Chamoun et al., 2001). While no cysteine 

modification has been discovered, it has been proposed that Hh 

acetyltransferase acetylates the newly exposed cysteine group which is then 
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linked to palmitate (Buglino and Resh, 2008). However, it is unknown in which 

order the autocleavage and palmitate processing occurs. Full length Hh protein, 

which has been modified such that it is unable to undergo autocleavage, can 

still incorporate palmitate (Buglino and Resh, 2008). The current model of Hh 

processing is that the two lipidation reactions occur independently. The HhN 

fragment which contains both C-terminal cholesterol and N-terminal palmitate is 

the final active form of Hh (HhNp) in vivo (Talpale et al., 2000). 

The cholesterol and palmitate modifications to HhN are essential to 

proper Hh function. In Drosophila melanogaster embryos, the loss of the 

palmitate acceptor cysteine rendered the protein with no patterning activity (J. 

D. Lee et al., 2001; Dawber et al., 2005). Overexpression of wild-type Hh in the 

wing disc leads to an expanded anterior compartment (Zecca, Basler and 

Struhl, 1995; Mullor et al., 1997). However, when the palmitate defective Hh 

was misexpressed in the wing disc, the anterior compartment did not expand, 

nor did the expression of ptc, a target gene (J. D. Lee et al., 2001). The 

palmitate-modification is not necessary for Shh activity in vertebrates because 

the loss of palmitate results only in reduced Shh activity (Pepinsky et al., 1998; 

J. D. Lee et al., 2001; Taylor et al., 2001). 

Furthermore, loss of the cholesterol modification also exerts only a 

partial blockage on Hh function (Tokhunts et al., 2010). Misexpression of the 

autocleavage-defective form of Hh in Drosophila melanogaster embryos still 

induced expanded wg expression, a target of Hh signalling in the embryo (Lee 

et al., 1994; Biehs et al., 2010). However, the induction of wg was lesser than 

that of wild-type Hh overexpression (Lee et al., 1994). Thus, the unprocessed 
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version of Hh is still able to signal, but at lower levels. Unprocessed Hh is 

unable to act over long distances both in vitro and in vivo, since it is trafficked 

to the plasma membrane where it can participate in cell-cell signalling 

(Tokhunts et al., 2010). In addition, a recombinant N-terminal signalling domain 

of Shh (ShhN) lacking cholesterol binding activity, is still able to bind to its 

receptor Ptc and activates Shh signalling in vitro (Taylor et al., 2001). Thus, 

autocleavage of Hh is necessary for normal Hh function, however, is not 

required for signalling activity, but its potency. Indeed, misexpression of non-

cholesterol modified HhN results in more severe defects in Drosophila 

melanogaster dorsal cuticle patterning compared to misexpression of full length 

Hh (Porter et al., 1996).  

It has been found that cholesterol regulates the distance that Hh can 

spread over to exert its effects. Non-cholesterol modified HhN was more diffuse 

in embryos than that of full length Hh (Porter et al., 1996). The reduced spread 

of cholesterol modified forms of Hh was also seen in the wing disc (Dawber et 

al., 2005). In contrast, cholesterol was shown to be essential for HhNp 

incorporation into lipoprotein particles which mediate long-range transport 

across epithelia in Drosophila melanogaster wing discs (Gallet et al., 2006; 

Eugster et al., 2007). Furthermore, in chimeric mutant mice, cholesterol non-

modified ShhN was only able to pattern forelimb digits at short ranges (several 

cell diameters) and unable to pattern over long distances (up to 30 cell 

diameters) (Lewis et al., 2001).  

HhC has been found to function in Hh trafficking (Daniele, Chu and 

Kunes, 2017). In the development of the Drosophila melanogaster lamina, 
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photoreceptors provide Hh neighbouring neuroepithelial cells to induce 

photoreceptor development in the eye disc and the OPC for lamina 

development. The mechanism by which Hh is trafficked to two sites, the eye 

disc and the optic lobe, relies of processing. A 16kDa section of HhC was 

present in HhNp-containing vesicles in photoreceptor axons (Daniele, Chu and 

Kunes, 2017). Furthermore, it was found that this shorter HhC domain 

contained a conserved axonal-growth cone targeting motif (Daniele, Chu and 

Kunes, 2017). When this motif was mutated or excised, Hh was unable to 

transmit via axons to the optic lobe and lamina development was lost (Daniele, 

Chu and Kunes, 2017). 

 

1.4.2 Packaging and Secretion 

It has been shown that Shh can be secreted in a soluble form by 

removing its lipid modifications in vitro through the action of ADAM 

metalloproteases (Ohlig et al., 2011). However, 98% of Hh in Drosophila 

melanogaster is found in membrane containing fractions including the plasma 

membrane (Peters et al., 2004; Panáková et al., 2005; Gallet et al., 2006). 

Furthermore, Hh associates with lipid raft microdomains (Rietveld et al., 1999; 

Chen et al., 2004; Panáková et al., 2005). Suzanne Eaton’s work on 

fractionating the Drosophila melanogaster wing disc found that a small portion 

of Hh could be recovered in association with lipoprotein particles (Panáková et 

al., 2005). The major lipoprotein in Drosophila melanogaster is Lipophorin (Lpp) 

and is produced by fat body cells. Blocking lpp expression specifically in fat 
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body cells, led to a decrease in Hh movement through the wing disc (Panáková 

et al., 2005). This was remarkable since Lpp was not produced in the same 

tissue as Hh. Overall, the vehicles that Hh takes for secretion are related in that 

they are lipid-derived and mostly vesicular. These vehicles include lipoprotein 

rafts, nodal vesicular particles, exosomes, and intracellular vesicles (Thérond, 

2012).  

HhNp, once generated, is associated with the apical membrane and is 

packaged into intracellular vesicles via dynamin and Rab5 (shibire – shi, in 

Drosophila melanogaster) -mediated endocytosis (Stenmark et al., 1994; Callejo 

et al., 2011). HhNp-containing vesicles are trafficked to the basolateral 

membrane, a process which requires Rab4, Rab8, Rab11, Dispatched (Disp) 

and the glypican Dally-like protein (Dlp) (Zhang et al., 2007; Callejo et al., 

2011; Bischoff et al., 2013). In mutant conditions for any of these components, 

intracellular Hh distribution is changed, Hh dispersion and signalling are also 

reduced (Burke et al., 1999; Gallet et al., 2003; Tian et al., 2005; Etheridge et 

al., 2010; Callejo et al., 2011; D’Angelo et al., 2015). Rab4 and Rab11 have 

been shown to be involved in endosomal sorting and recycling in other contexts 

and Rab8 in recycling cholesterol-containing endosomes (Lazzarino, Blier and 

Mellman, 1998; Linder et al., 2007; Ikonen, 2008; D’Angelo et al., 2015). Dlp 

colocalises with Disp in the basolateral plasma membrane (Callejo et al., 2011). 

Furthermore, Dlp has been shown to transcytose from the apical membrane to 

the basolateral membrane (Gallet et al., 2006). Interestingly, while Disp is 

required for Hh secretion (see below), it is required for Hh endocytosis during 

its apicobasal trafficking in Drosophila melanogaster wing disc epithelium 
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(D’Angelo et al., 2015). Recently, the HhNp-containing vesicles which are 

trafficked from apical to basal membranes were renamed Hherisomes and were 

found to contain 90% of all intracellular hhNp (Pizette et al., 2021). 

Hh secretion has been shown to be specifically regulated by Disp. Disp is 

a multi-pass transmembrane protein of the resistance-nodulation-division (RND) 

transporter family (Goldberg et al., 1999). Disp is required in zebrafish, mouse, 

humans and Drosophila melanogaster, for Hh/Shh transportation (Burke et al., 

1999; Amanai and Jiang, 2001; Kawakami et al., 2002; Ma et al., 2002; Nakano 

et al., 2004; Tian et al., 2005; Roessler et al., 2009). Disp is required in Hh-

secreting cells and in disp mutant cells, HhNp is retained intracellularly which is 

only able to signal to adjacent cells (Burke et al., 1999; Callejo et al., 2011). In 

vertebrates, the homologue is called DispA interacts with the cholesterol on Shh 

and acts synergistically with Scube2, a secreted glycoprotein which promotes 

Shh release by also binding to its cholesterol group (Creanga et al., 2012; 

Tukachinsky et al., 2012).  

 

1.4.3 Extracellular secretion-independent Hh signalling - Cytonemes 

Cytonemes are specialised filopodia which mediate Hh paracrine 

signalling. In the wing disc, they are basal tubules which connect the posterior 

Hh-producing cells with adjacent Hh-receiving cells (Bischoff et al., 2013; Chen 

et al., 2017; González-Méndez, Seijo-Barandiarán and Guerrero, 2017). 

Cytonemes in the wing disc mediate Hh gradient formation. The wing disc is 

comprised of a posterior (P) and anterior (A) compartment. Cytonemes from 
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the P compartment border contain Hh and interference hedgehog (Ihog), 

whereas cytonemes from the A compartment contain Hh, Ihog and Ptc (Callejo 

et al., 2011; Bischoff et al., 2013). The length and number of cytonemes has 

been proposed to modify Hh signalling activity. By depleting A compartment 

cells of Diaphanous, which acts as an actin polymerase, both cytoneme length 

and Hh signalling activity are reduced (Chen et al., 2017). In the Drosophila 

melanogaster ovary, somatic niche cell-derived (cap cells) Hh instructs escort 

cells to maintain germline stem cells as undifferentiated (King et al., 2001; 

Huang, Reilein and Kalderon, 2017). Fascinatingly, if Hh signalling is impaired 

around the niche, cap cells project cytonemes further, thus responding to 

insufficient Hh signalling by increasing the range of Hh spreading (Rojas-Ríos, 

Guerrero and González-Reyes, 2012). Cytoneme-like filopodia have also been 

reported in the chick limb bud. Direct imaging of chick embryos showed the Shh 

was associated in particles associated with long, cytoplasmic, actin-based 

filopodia. Shh travelled along these extensions in a net anterograde direction 

(Sanders, Llagostera and Barna, 2013).  

 

1.4.4 Receiving and transducing Hh 

1.4.4.1 Hh reception 

Several proteins involved in Hh reception include Ptc, the main Hh 

receptor; Ihog and Brother of Ihog (Boi), which are single-pass transmembrane 

proteins and co-receptors of Hh; and the heparin sulphate proteoglycans 
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(HSPGs), division abnormally delayed (Dally) and Dlp which can act as scaffolds 

or to induce high levels of Hh signalling activity. The Hh signalling pathway is 

activated when Hh is present and binds to Ptc resulting in its inhibition. In the 

Drosophila melanogaster embryonic ectoderm and in the wing disc, Dlp is 

required for Hh signalling, however Dally is dispensable (Desbordes and 

Sanson, 2003; Lum, Yao, et al., 2003; Han et al., 2004). Altogether, these 

proteins form a Hh receptor complex, centring around Ptc to mediate Hh 

signalling reception. 

Ptc is a multi-pass transmembrane protein and was identified as a 

segment polarity gene. In vertebrates there are two homologous genes, Ptch1 

and Ptch2 (Nüsslein-Volhard, 1977; Nüsslein-volhard and Wieschaus, 1980; 

Hooper and Scott, 1989; Chen and Struhl, 1996; Ingham et al., 2000). The 

structure of Ptc is homologous to the RND family of transporters and cholesterol 

transporter Niemann-Pick C1 (NPC1) (Gong et al., 2016; Qi et al., 2018). The 

Hh/Shh signal is transduced through Ptc/Ptch1/2 which inhibits the action of 

another protein, Smoothened (Smo) (Marigo et al., 1996). Hh/Shh binds to and 

inhibits Ptc/Ptch1/2, thus alleviated its inhibition of Smo. This allows Smo to be 

activated, the precise mechanism by it does this is unknown. A key requisite to 

Smo activation is translocation to the plasma membrane as studied in mammal 

primary cilium (Corbit et al., 2005; Rohatgi et al., 2009; Dorn, Hughes and 

Rohatgi, 2012). Another aspect of Ptc function is internalisation. Ptc is 

internalised and degraded at basal levels in the absence of Hh, however this 

process is enhanced upon Hh binding (Chen and Struhl, 1996; Denef et al., 

2000; Casali and Struhl, 2004; Torroja, Gorfinkiel and Guerrero, 2004; Casali, 
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2010). It is thought that cell sensitivity to Hh is adjusted by Hh-independent Ptc 

internalisation, which is dependent upon the C-terminal domain of Ptc (Casali, 

2010). Internalisation and degradation of the Hh-Ptc-receptor complex plays a 

critical role in limiting the spread of Hh within the tissue (Torroja, Gorfinkiel and 

Guerrero, 2004). Fascinatingly, Suzanne Eaton’s group found that Ptc could 

sequester Lpp in endosomes in a process requiring the sterol domain of Ptc 

(Eugster et al., 2007; Khaliullina et al., 2009). Eaton’s group also showed that 

reducing lpp expression in larva led to an accumulation of Smo in the plasma 

membrane of wing disc cells and Ci stabilisation in the cytoplasm (Khaliullina et 

al., 2009). When Hh was present in Lipoprotein particles, the inhibitory function 

of Lpp was lost. Since Lpp-oriented experiments were unable to induce ectopic 

Hh signalling target gene activation, it was concluded that Ptc mediates Smo 

activity through lipoprotein-derived lipids. The presence of Hh thus blocks Ptc-

mediated lipid mobilisation, allowing Smo stabilisation at the plasma membrane 

(Khaliullina et al., 2009; Prince, Marcetteau and Thérond, 2020).  

The Ihog and Boi co-receptors function together with Ptc and are 

required for high affinity binding of Hh in Drosophila melanogaster by forming a 

receptor complex (Yao, Lum and Beachy, 2006; Zheng et al., 2010). In fact, 

Ihog and Boi both bind to Hh in vitro (Yao, Lum and Beachy, 2006). It was 

found that ihog and boi mutations result in embryo segmental patterning and 

eye imaginal disc defects (Camp et al., 2010; Zheng et al., 2010). The activity 

of Ihog and Boi is also a necessary requisite for Hh-dependant gene expression 

in the wing disc (Zheng et al., 2010). The Ihog and Boi co-receptors are 

thought to act redundantly since Hh signalling is blocked only when both are 
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blocked simultaneously (Camp et al., 2010; Zheng et al., 2010). Hh signalling 

activity can be rescued in ihog and boi mutants by also blocking Ptc, thus they 

must function upstream or at the same level as Ptc (Camp et al., 2010, 2014; 

Zheng et al., 2010). It was hypothesised that Hh binds to Ptc indirectly via its 

interactions with Ihog and Boi (Camp et al., 2010). Due to the redundancy of 

Ihog and Boi, genetic epistasis experiments have been difficult. However, it was 

recently shown that Ihog and Boi are dispensable for Hh reception by 

responding cells (Camp et al., 2014). Instead, Ptc is essential for Hh 

sequestration in vivo (Camp et al., 2014). Thus, while Ihog and Boi are 

essential for Hh-responding cells for the activation of Hh signalling, it is not via 

Hh-binding or sequestration. The role of Ihog and Boi has been studied in 

cytoneme dynamics. It was found that ectopic Ihog, but not Boi is sufficient to 

stabilise cytonemes in the wing disc, such that they have a longer lifetime than 

wild type cytonemes (Simon et al., 2021). Glypicans, Dally and Dlp, are needed 

to maintain Ihog levels, but not Boi (Simon et al., 2021). Overall, the functions 

of Ihog and Boi in the Ptc complex are still being elucidated, but they are 

essential for Hh activity. The vertebrate homologues are cell adhesion 

associated, oncogene regulated (CDON) and brother of cell adhesion 

associated, oncogene regulated (BOC). There is evidence that CDON and BOC 

are active in other signalling pathways including Wnt and Nodal (Jeong et al., 

2017; Hong et al., 2020). However, like Ihog and Boi in Drosophila 

melanogaster, they have been shown to localise to membrane extensions 

(cytonemes) in mouse and chick models (Sanders, Llagostera and Barna, 2013; 

Hall et al., 2021). 
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The glypicans are a family of proteoglycans fixed to the plasma 

membrane by a glycosylphosphatidylinositol (GPI) anchor. Proteoglycans are 

characterised by (GAG) chains which are disaccharide repeats which are usually 

sulphated. The most common proteins are heparan sulphate proteoglycans 

(HSPGs). There are six glypicans in mammals, GPC1-6 and the orthologues in 

Drosophila melanogaster are Dally and Dlp (Filmus, Capurro and Rast, 2009). 

Glypicans participate in multiple signalling pathways, including: Hh, Wnt, bone 

morphogenic proteins (BMP) and fibroblast growth factor (FGF) (Filmus, 

Capurro and Rast, 2009). Dally and Dlp have been studied extensively in terms 

of Hh signalling by using Drosophila melanogaster embryo and larval 

development models (Lum, Yao, et al., 2003; Han et al., 2004; Williams et al., 

2010; Kim et al., 2011). Early research in Drosophila melanogaster embryos 

showed that Dlp, not Dally, was required for Hh signalling (Desbordes and 

Sanson, 2003). Furthermore, Dlp contributes to Hh-Ptc complex internalisation 

in a dynamin-dependent manner in the wing disc (Gallet, Staccini-Lavenant and 

Thérond, 2008). Interestingly, Dlp did not contribute to Hh binding to Ptc in the 

wing disc or in vitro (Yao, Lum and Beachy, 2006; Gallet, Staccini-Lavenant and 

Thérond, 2008). Dally directly binds to Hh and contributes to long-range 

spreading of Hh from Hh-producing cells in the wing disc (Takeo et al., 2005; 

Eugster et al., 2007; Ayers et al., 2010, 2012). The secretion of Dally is 

mediated by Notum, a phospholipase C-like hydrolase which targets the GPI 

anchor (Ayers et al., 2010, 2012). This Notum-mediate process causes the 

transcription of high level Hh signalling activity target genes (Ayers et al., 2010, 

2012).  
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In mice rhabdomyosarcoma cell lines, GPC5 which acts like Dlp, is 

upregulated and stimulates Shh signalling and interacts with Shh and Ptch 

(Williamson et al., 2007; Li et al., 2011). In fact, GPC5 increased the binding of 

Shh to Ptch via its GAG repeats (Li et al., 2011). Furthermore, mutant GPC5 

was unable to bind Ptc and stimulate Shh signalling (Li et al., 2011). In 

cerebellar granule precursor cells, Shh promotes cell proliferation (Witt et al., 

2013). Here and in rhabdomyosarcoma lines, GPC5 localises to the base of 

primary cilia, which is also where Shh localises to Ptch (Li et al., 2011; Witt et 

al., 2013). Another glypican, GPC1, has been shown to act as a Shh co-receptor 

in chick commissural neurons, where Shh signalling acts as a repulsive axon 

guidance cue (Wilson and Stoeckli, 2013).  

1.4.4.2 Ptc and Smo regulation 

The Hh pathway relies upon the inactivation of its main receptor, Ptc to 

initiate active signalling. In the absence of Hh, Ptc causes the inhibition of Smo, 

a G-coupled protein receptor (GPCR) (Dann et al., 2001; Wodarz and Nusse, 

2003; Philipp and Caron, 2009). While the exact mechanism by which Ptc 

inhibits Smo is not known, it is known that Ptc inhibits Smo sub-

stoichiometrically (Taipale et al., 2002). This finding led to the hypothesis that 

an intermediate agent, activated by Ptc, inhibits Smo. Eaton’s group 

hypothesised that it is through lipoproteins which have an inhibitory effect on 

Smo (Khaliullina et al., 2009). Ptch has a sterol-sensing domain (SSD) and likely 

binds sterols which may inhibit it (Incardona, 2005). Indeed, cyclopamine, a 

steroidal alkaloid, binds to Smo and inhibits Hh signalling (Incardona et al., 
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1998; Chen et al., 2002). In Drosophila melanogaster, when the SSD is 

mutated, Ptc is no longer able to inhibit Smo (Strutt et al., 2001). Overall, these 

findings support a model where Ptc inhibits Smo via a steroidal derivative 

(Incardona et al., 1998; Jägers and Roelink, 2021). A related finding in 

Drosophila melanogaster eye discs is that loss of the phospholipid, 

phosphatidylinositol-4-phosphate (PI4P), displays a hh-loss of function 

phenotype (Yavari et al., 2010). Conversely, loss of Sac1 phosphatase which is 

required for PI4P degradation results in hh-gain of function phenotypes (Yavari 

et al., 2010). Thus, this data shows that PI4P activity is required for active Hh 

signalling. Furthermore, when Ptc function is lost, PI4P levels increase. 

Excitingly, these findings suggest a model whereby Ptc inhibits PI4P via Sac1 

and thus inhibits Smo, whereas Hh binding to Ptc inhibits the repression of 

STT4 allowing PI4P generation (Yavari et al., 2010). Another way in which Ptc 

inhibits Smo is through ubiquitination which plays a key role in internalisation 

and degradation. Indeed, loss of the E1 ubiquitin enzyme, Uba1, results in Smo 

accumulation at the plasma membrane and Hh signalling activation (Li et al., 

2012). The β-arrestin, Kurtz (Krz), also interacts with Smo to promote its 

ubiquitination (Li et al., 2012). Ubiquitination and phosphorylation compete for 

shared amino acid residues of Smo, including those within its autoinhibitory 

domain (SAID) (Li et al., 2012).  

1.4.4.3 Smo activation 

The action of G protein-coupled receptor kinase 2 (Gprk2) generated 

contrasting results in multiple studies. It promoted both Smo internalisation, 
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Smo accumulation, and high Hh signalling levels in the Drosophila melanogaster 

wing disc (Molnar et al., 2007; Chen et al., 2010; Cheng et al., 2010). Gprk2 

was later modelled in relation to the Smurf family of E3 ubiquitin ligases 

(Smurf), which had been previously implicated in Ptc and Smo trafficking in 

both Drosophila melanogaster and mammals (Huang et al., 2013; Yue et al., 

2014; Brigui et al., 2015). Gprk2 and Smurf were found to regulate reciprocal 

trafficking of Smo and Ptc, where Hh controls this process to favour Smo 

accumulation and Ptc degradation (Denef et al., 2000; Li et al., 2018). Gprk2 

facilitates Smurf binding to Smo, resulting in Smo ubiquitination, targeting it for 

degradation. Hh induces phosphorylation of Smo, which reduces Smurf binding, 

resulting in Gprk2-mediated ubiquitination of Ptc. The Gprk2-mediated 

phosphorylation of Smurf acts to shuttle Smurf to Smo, limiting Smurf 

availability to Ptc (Li et al., 2018).  

When Hh binds to Ptc, Smo is phosphorylated by PKA, CK1, Glycogen 

synthase kinase 3(Jia et al., 2004; Maier et al., 2014; Li et al., 2016; Sanial et 

al., 2017) al., 2016; Sanial et al., 2017). Smo phosphorylation results in 

increased membrane accumulation of Smo. Furthermore, upon phosphorylation, 

Smo undergoes a conformational switch, where the SAID domain in the 

cytoplasmic tail of Smo exists in a closed state (Jia et al., 2004; Zhang et al., 

2004; Sanial et al., 2017). As a result, Smo dimers form based on interactions 

between SAID domains (Zhao, Tong and Jiang, 2007).  
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1.4.4.4 Cubitus interruptus processing 

Ci is a bifunctional transcription factor which activates and represses 

transcription. In mammals, Ci has three orthologues, Gli1, Gli2, and Gli3 (Hui 

and Angers, 2011). Its function depends on Hh-Ptc binding and subsequent 

Smo activation, such that when Hh is present, Ptc is inhibited, Smo is activated, 

and Ci acts as a transcriptional activator. When Hh is absent, Ci is cleaved, such 

that it inhibits transcription (Alexandre, Jacinto and Ingham, 1996; Méthot and 

Basler, 1999; Whitington, Jolma and Taipale, 2011). The full-length Ci protein is 

denoted, Ci155, and after it is cleaved, Ci75 or CiRepressor (Smelkinson and 

Kalderon, 2006). The mammal Gli proteins act similarly to Ci in terms of 

transcriptional targets, but their roles are spread out over the three proteins. 

Gli3 primarily forms a transcriptional repressor, Gli2, mostly forms an activator, 

but Gli1 only forms a transcriptional activator and is expressed in response to 

Shh signalling activity (Huangfu and Anderson, 2006; Wilson and Chuang, 

2010). The proteolysis of Ci, Gli2, and Gli3 is conserved between Drosophila 

melanogaster and vertebrates (Jiang, 2006; Marks and Kalderon, 2011), and 

here I focus mainly on Drosophila melanogaster signalling.  

When Hh is absent, Fu, a serine-threonine kinase associates with Cos2 

stoichiometrically, which can both bind to Smo (Lum, Zhang, et al., 2003; Ruel 

et al., 2003). Cos2 has an inhibitory effect on the Hh pathway by recruiting 

PKA, CK1, and GSK3 which hyperphosphorylates Ci (Zhang et al., 2005). Thus, 

Cos2 acts as a scaffold for to mediate Ci155 hyperphosphorylation (Farzan et al., 

2009). The mammalian homologue, kinesin-4 family motor protein 7 (Kif7), 
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localises to the tip of the primary cilia in vivo to generate a specialised 

compartment necessary for Shh signalling (Tay, Ingham and Roy, 2005; 

Cheung et al., 2009; Ingham and McMahon, 2009; Liem et al., 2009; He et al., 

2014). Hyperphoslphorylation of Ci155 creates recognition sites for 

Slimb/Skp1/Cullin/F-box ubiquitin ligases which guide it through to the 

proteosome for cleavage to the shorter, transcriptionally repressive form, Ci75 

(Jiang and Struhl, 1998; Price and Kalderon, 2002; Smelkinson and Kalderon, 

2006; Smelkinson, Zhou and Kalderon, 2007). Suppressor of Fused (Sufu) acts 

as a negative regulator of the pathway in both vertebrates and Drosophila 

(Cheng and Michael Bishop, 2002). However, Sufu is completely dispensable in 

Drosophila melanogaster. This is a major divergence from vertebrate pathway 

conservation (Ingham and McMahon, 2001; Ruel and Thérond, 2009). In mice, 

loss of function mutants for Sufu led to neural tube defects characteristic of Hh 

pathway activation (Cooper et al., 2005). The precise function of Sufu is still 

under investigation, however it is likely that it binds to Ci/Gli, preventing its 

nuclear import and upon Hh signalling, Fu counteracts Sufu, leading to Ci 

activation (Monnier et al., 1998; Cheng and Michael Bishop, 2002). Overall, 

Cos2, Fu and Sufu form a complex, called the Hh signalling complex (HSC), 

which binds to Ci and phosphorylate it, resulting in its cleavage to its repressor 

form. The complex is bound to microtubules in the absence of Hh (Robbins et 

al., 1997; Ruel et al., 2003). When Hh is present and subsequent Smo 

activation occurs, Fu dimerizes in the HSC, which induces its 

autophosphorylation (Thérond et al., 1996; Shi et al., 2011; Zhou and Kalderon, 

2011). The activity of Fu is essential for active Hh signalling (Zhou and 
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Kalderon, 2011). Upon phosphorylation, Fu phosphorylates Cos2, causing the 

release of Ci155 from the HSC (Ranieri et al., 2012). Furthermore, Fu-dependant 

mechanisms cause the release of Ci155 from Sufu, however the direct 

mechanism is unknown. Lastly, Ci155 translocates to the nucleus to activate 

transcription, replacing Ci75.  

In vertebrates, the pathway has diverged, such that Fu is dispensable 

and Sufu is not (Merchant et al., 2005; Svärd et al., 2006). Furthermore, cilia 

are required for Shh signalling in vertebrates, but not in Drosophila 

melanogaster, which have lost primary cilia (Goetz and Anderson, 2010). 

Mutations in mice that disrupt primary ciliogenesis have phenotypes resembling 

aberrant Hh signalling (Huangfu et al., 2003; Huang and Schier, 2009; Yin et 

al., 2009). The role of the primary cilium is in localisation of Hh pathway 

components. For example, Smo translocation to cilia is a necessary step in its 

activation (Haycraft et al., 2005). Plus, Gli transcription factors and Sufu are 

also translocated to the primary cilium, which is necessary for Gli activation 

(Tukachinsky, Lopez and Salic, 2010). 

The genes expressed downstream of active Hh signalling are context-

specific however, there are some common targets. ptc/ptch and gli1 are the 

most common targets of the Hh signalling pathway (Stamataki et al., 2005; 

Cohen et al., 2015; Tickle and Towers, 2017). Hh signalling induces negative 

feedback loop by causing the expression of ptc (Hepker et al., 1997). In the 

vertebrate neural tube, nkx6.1, olig2, nkx2.2, and foxA2 are induced by 

differential levels of Hh signalling (see below). Moreover, a list of Hh target 
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genes was generated for the Drosophila melanogaster embryo (Biehs et al., 

2010).  

1.4.4.5 Extracellular pathway modulation 

There are few extracellular modulators of Hh signalling, probably 

because most modulation of the pathway occurs intracellularly. However, there 

is evidence for extracellular mechanisms of Hh pathway modulation. 

Shifted (Shf) is an orthologue of Wnt inhibitory factor 1 (Wif1), which 

takes part in Wnt signalling in vertebrates. However, Shf has no identified role 

in Wg signalling in Drosophila melanogaster (Hsieh et al., 1999; Sánchez-

Hernández et al., 2012; Yin, Korzh and Gong, 2012). Shf accumulates on wing 

disc Hh-expressing cells and when shf is blocked, Hh dispersal is decreased 

(Glise et al., 2005). Shf has been shown to act non-cell autonomously and 

interact with Hh, the Hh receptor complex and Dlp (Gorfinkiel et al., 2005; 

Avanesov et al., 2012). Overall, Shf appears to function extracellularly and 

control Hh dispersal in Drosophila melanogaster.  

In Zebrafish, Scube2 is a secreted ECM protein which is necessary for 

establishing normal levels of Shh transport and signalling activity (Kawakami et 

al., 2005; Hollway et al., 2006). It has also been shown to be synergistically 

required for release of Shh from secreting cells along with Disp (Tukachinsky et 

al., 2012). No homologue for Scube2 has been found in Drosophila 

melanogaster, however one hypothesis is that Shf may play a similar role in Hh 

transport and dispersal (Guerrero and Kornberg, 2014). 
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The extracellular protein tyrosine kinase, Vertebrate lonesome kinase 

(Vlk) is required during skeletal formation in vertebrates (Kinoshita et al., 

2009). It was found that Vlk could bind to the extracellular region of Smo and 

induce its internalisation and lysosomal degradation (Kim et al., 2020). Thus, 

Vlk represents another way in which Hh signalling can be modulated via 

extracellular mechanisms. 
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Figure 1.5: The Hh biochemical signalling pathway. Reviewed in Chapter 

1.4 
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1.5 Developmental Roles of Hh signalling 

Hh signalling has abundant roles in development, but the most studied 

cases are that of the development of the vertebrate neural tube and limb bud 

and wing disc in Drosophila melanogaster. A Hh morphogen gradient induces 

the specification of multiple cell identities in each scenario. A morphogen is a 

substance which is establishes a graded distribution in a tissue, often over large 

distances, to control tissue patterning by specifying multiple cell identities in a 

dose-dependent manner. 

1.5.1 Vertebrate neural tube development 

In vertebrates, the nervous system arises from the neural tube, which 

develops early in embryogenesis via a process called neurulation. After 

gastrulation and neural plate formation, the neural plate elongates along the 

midline (Schoenwolf and Powers, 1987; Schoenwolf, 1988). Its lateral edges 

elevate into Neural Folds, a process that relies on proliferation of the underlying 

mesoderm (Solursh and Morriss, 1977; Morriss-Kay and Crutch, 1982).  The 

bending of the neural folds involves the formation of furrows. The medial hinge 

point (MHP) forms causing the first furrow to form which bends the neural plate 

into the neural groove (V-shaped). Furrows form at the medial and lateral hinge 

points causing the Neural Folds to further elevate and bend. Neural tube 

closure occurs when paired Neural Folds are brought together at the dorsal 

midline and fuse together. Closure begins in the cephalic (head) region and 

proceeds to the caudal (tail) end. Upon closure, neuroectodermal cells 

reorganise to separate the roof of the neural tube from the non-neuronal 
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ectoderm which gives rise to the epidermis. During this process, neural crest 

cells, detach from the apices of the neural folds, which go on to give rise to 

peripheral and enteric neurons and glia, as well as bone and muscle cells. This 

process results in the formation of the neural tube dorsal to the notochord 

(Schoenwolf and Smith, 1990; Copp, Greene and Murdoch, 2003).  

Neural progenitors gain distinct identities along the dorso-ventral axis in 

response to opposing gradients of Shh and BMP/Wnt. Shh originating from the 

notochord induces expression of Shh in the ventrally located floor plate of the 

neural tube (Roelink et al., 1994; Marti et al., 1995; Ribes et al., 2010). Shh 

forms a morphogen gradient which patterns the ventral progenitor domains to 

give rise to specific cell types (Briscoe and Ericson, 1999; Dessaud et al., 2007; 

Dessaud, McMahon and Briscoe, 2008; Balaskas et al., 2012). BMP/Wnts 

morphogen gradients derived from the roof plate promote specification of 

dorsal identities (Liem, Tremml and Jessell, 1997; Lee, Dietrich and Jessell, 

2000; Muroyama et al., 2002). The Shh morphogen gradient patterns five 

progenitor domains in the ventral neural tube: p0, p1, p2, pMN, p3 (Ericson, 

Rashbass, et al., 1997a; Briscoe et al., 2000), which give rise to V0, V1, V2a/b, 

Motor neurons, and V3 interneurons respectively.  

The actions of these morphogens cause the induction of homeodomain 

and basic helix-loop-helix (bHLH) transcription factors, the combination of 

which defines the specific identity a progenitor will generate (Briscoe et al., 

2000). In the ventral neural tube, these transcription factors are divided into 

Class I, which are repressed by Shh (including: Pax6, Pax7, Dbx1, Dbx2, Irx3), 

and Class II, whose expression require Shh activity (including: Nkx2.2, Nkx6.1 
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Olig2) (Ericson, Rashbass, et al., 1997b; Briscoe et al., 1999, 2000; Briscoe and 

Ericson, 2001). However, the differential response to Shh signalling alone does 

not cause the refined expression of each class of transcription factor. These 

transcription factors cross-regulate each other’s expression, which forms a gene 

regulatory network (GRN) which refines the progenitor domain identities 

(Briscoe et al., 2000; Balaskas et al., 2012; Peterson et al., 2012; Oosterveen et 

al., 2013; Nishi et al., 2015; Kutejova et al., 2016). Shh induces the expression 

of combinations of transcription factors in a concentration and duration-

dependant manner. This translates from high to low Shh signalling to: Nkx2.2 

expression defines p3 progenitors, Olig2 and low levels of Px6 defines pMN, 

high levels of Px6 and Irx3 defines p2, Dbx1 and Prdm14 defines P1 (Briscoe et 

al., 1999; Takebayashi et al., 2002; Sun et al., 2003; Holz et al., 2010; 

Robertshaw et al., 2013; Zannino, Downes and Sagerström, 2014; Karaz et al., 

2016; Gard et al., 2017). It was also found that Notch regulates gli1 expression 

in the zebrafish neural tube such that it maintains Hh pathway activation 

(Jacobs and Huang, 2019). 

Furthermore, the duration of Shh exposure is important in the pattering 

of the ventral-most domains, which require the highest concentration and 

longest exposure to Shh (Briscoe et al., 2000; Briscoe and Ericson, 2001; 

Dessaud et al., 2007). This was tested with ex vivo assays of naïve neural plate 

explants exposed to Shh for different lengths of time. The expressions of 

Nkx2.2 and Olig2 changed such that the expression of Olig2 required longer 

durations of Shh exposure compared with Nkx2.2 (Dessaud et al., 2007).   
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1.5.2 Vertebrate limb bud development 

The development of the vertebrate limb bud has been studied 

extensively using the chick wing and leg and mouse limb models. Limb buds 

form on the sides of the embryo are composed of multipotent, undifferentiated 

cells derived from the mesoderm and ensheathed by epithelium (Tickle, 2015). 

Limb development involves several major steps, however here, only limb 

pattern specification will be addressed. Digit number varies in the three models, 

three in chick wing, four in chick leg, and five in mouse limb).  

It was found that transplanting posterior region cells to the anterior 

region enabled anterior cells to take on the identity of posterior region cell 

types, leading to the idea that a morphogen specifies antero-posterior identities 

(Wolpert, 1969). Afterwards, Shh was discovered to specify the antero-posterior 

pattern of the limb (Riddle et al., 1993). Firstly, in situ hybridisation of Shh 

transcripts were observed at the posterior margin of the chick limb bud. 

Grafting these Shh-positive cells to the anterior region led to the duplication of 

three digits in a mirror-image (Riddle et al., 1993; Dahn et al., 2006). The 

source of Shh the polarizing region at the posterior margin of the vertebrate 

limb bud which has been shown for all vertebrates studied (Dahn et al., 2006). 

In the absence of Shh function in knockout mice and chicks, digits to not form 

(Chiang et al., 2001; Ros et al., 2003). 

There is evidence to suggest that Shh acts in a concentration dependant 

manner and in a duration-dependent manner. Firstly, when Shh-expressing cells 

are placed at the anterior margin of the chick wing bud, the extent of the digit 

73



duplication phenotype depends on the number of Shh-expressing cells grafted 

(Yang et al., 1997). There is evidence that instead of a concentration 

dependant mechanism, the duration of Shh exposure patterns limb digits. The 

specification of the most posterior digits in the mouse, digits 4 and 5, is 

independent of Shh concentration (Harfe et al., 2004). Instead, the length of 

time of Shh signalling activity determines cell fate (Harfe et al., 2004). In fact, 

timed experiments involving pharmacological block of Shh in the chick wing 

showed that Shh was required in the early stages of limb growth (Towers et al., 

2008). Furthermore, lineage-tracing experiments showed that chick wing bud 

cells are sequentially patterned every 4hrs (Yang et al., 1997; Towers et al., 

2011).  

 

1.5.3 Drosophila melanogaster wing disc development 

In Drosophila melanogaster, Hh was first described as a morphogen in 

the segmental patterning of the larval cuticle (Heemskerk and DiNardo, 1994). 

However, the investigations into the development of the Drosophila 

melanogaster wing disc have facilitated much of the knowledge that has been 

discovered about Hh signalling.  

The adult wing consists of the notum, hinge and wing pouch structures. 

The wing disc is a sac composed of two layered sheets. One sheet is composed 

of columnar epithelial cells which are the progenitors of the wing and notum. 

The other sheet is the peripodial layer and is separated from the columnar layer 

by the lumen. Their apical surfaces face each other through the lumen. The 
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wing disc is made up of the wing blade, hinge and notum regions and can be 

split into posterior (P) and anterior (A) compartments separated by the A/V 

border (Garcia-Bellido, Ripoll and Morata, 1973). Hh is expressed in the P 

compartment of the wing disc and is distributed around 12 cell diameters into 

the A compartment and patterns the L3-L4 intervein region and the L3/L4 veins 

(Mullor et al., 1997)(Tabata and Kornberg, 1994; Ayers et al., 2010). Similarly, 

to the vertebrate ventral neural tube, the short-range Hh gradient in the wing 

disc induces expression of several target genes in a concentration-dependant 

manner, including engrailed (en), patched (ptc), collier (col), decapentaplegic 

(dpp), and caupolican. High activity levels of the pathway induce en expression, 

intermediate-high levels induce ptc, intermediate levels of the pathway induce 

caupolican, collier and dpp whose expression continues into the low Hh 

signalling activity region (Raftery et al., 1991; Basler and Struhl, 1994; 

Capdevila and Guerrero, 1994; Tabata and Kornberg, 1994; Gómez-Skarmeta 

and Modolell, 1996; Wang, Wang and Jiang, 1999; de Celis and Barrio, 2000). 

Similarly to the vertebrate neural tube, En represses the expression of dpp 

further contributing to the gradient of Hh activity-induced genetic responses 

(Strigini and Cohen, 1997). The combinations of genes expressed are 

dependent on both CiRepressor and CiAct, where en requires only CiRepressor and ptc 

and dpp require both (Müller and Basler, 2000).  

The distribution of Hh depends on Disp, Dally, Dlp, Ihog, and Boi. Disp is 

required for basolateral Hh release via vesicular trafficking (Callejo et al., 2011). 

Dlp and Ihog are required for Hh reception along with Ptc to for the HH 

receptor complex (Desbordes and Sanson, 2003; Yao, Lum and Beachy, 2006; 
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Camp et al., 2010). Furthermore, Ihog and Boi are required for the Hh 

sequestration to limit the long-range signalling of Hh (Zheng et al., 2010). 

Interestingly, low levels of Ihog increase Hh signalling activity, and high levels 

decrease Hh signalling activity (Yan et al., 2010). In fact, Dlp has the opposite 

effect and is expressed in a complementary pattern to Ihog (Yan et al., 2010). 

Dally was found to be dispensable for Hh signalling activity, however Hh activity 

levels were lower in dally mutants (Eugster et al., 2007). In fact, Dally is 

secreted and can regulate apical Hh spreading. Dally cleavage is mediated by 

the extracellular protein, Notum, and is required for the long-range spreading of 

Hh (Ayers et al., 2010). 
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1.5.4 Aims of my project 

At the start of this project, the role of Hh signalling in the literature was 

that of an inductive cue of lamina development. Several pieces of data did not 

align with this hypothesis (outlined in Chapter 1.3) and the mechanisms that 

control the generation of five distinct lamina neuron subtypes were unknown. 

Thus I set out to clarify the role of Hh signalling during lamina development.  

In Chapter 3, I tested the absolute requirement of Hh signalling in 

lamina development. I show that in the absence of Hh signalling, lamina 

development can be rescued partially by blocking apoptosis. This shows that Hh 

signalling is not required for LPC fate, which must be controlled by an unknown 

mechanism. 

In Chapter 4, I investigated how OPC neuroepithelial cells are partitioned 

into two structures, the lamina and medulla. I hypothesised that opposing 

signals govern medulla and lamina development much like in the eye-antennal 

disc. Whereas medulla development requires the activation of the ERK 

signalling pathway, I show that blocking ERK signalling favours lamina 

development. Furthermore, I go on to show that blocking ERK signalling while 

blocking apoptosis by hyperactivating Hh signalling activity is sufficient to 

induce ectopic LPC formation. 

In Chapter 5, I investigate how five lamina neuron subtypes are 

generated. I show that a Hh morphogen gradient is present in the youngest 

lamina columns. Moreover, inducing high Hh signalling levels is sufficient to 

induce distal lamina neuron identities. Inducing low levels of Hh signalling 
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activity are sufficient to induce proximal lamina neuron identities. Plus, titrating 

functional Hh in the lamina favoured different lamina neuron identities. 

Overall, these results radically revise and update our understanding of 

lamina development, such that switching off ERK signalling is a requirement for 

LPC formation, Hh signalling acts as a pro-survival cue during LPC development, 

and a Hh morphogen gradient patterns LPCs to give rise to five lamina neuron 

subtypes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

78



Chapter 2 – Materials and Methods 

2.1 Fly Rearing 

All flies were raised at 25oC unless stated otherwise. Flies were flipped 

every other day three times a week.  

2.2 Immunostaining  

Larval and pupal dissections were done in 1X PBS (or specific medium for 

EdU/phospho-epitope staining – see below). The dissected brains were left 

attached to the mouth hooks and fixed in 4% paraformaldehyde for 15 minutes 

with shaking. After washing in 1X PBS with 0.5% Triton X1000 (0.5% PBSt) for 

at least 30 minutes with shaking, brains were incubated in blocking solution 

(0.5% PBSt with 0.05% normal horse serum) containing primary antibodies for 

48 hours with shaking. The last two steps were repeated but using appropriate 

secondary antibodies instead. All antibodies and concentrations used are listed 

below. Once stained, brains were stored in PBS at 4oC and mounted in 

Slowfade Gold antifade mounting medium (one optic lobe per imaging slide). 

Brains were manoeuvred to the correct orientation by using the cover slip 

placed onto two parallel iSpacer plastic stickers (0.2mm deep). 

2.3 Imaging and Analysis 

All fixed samples were dissected further, and individual optic lobes were 

mounted in Gold SlowFade antifade reagent (S36936). 0.2mm deep plastic 

stickers were stuck to glass microscope slides and 10µL of SlowFade reagent 
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along with one optic lobe was pipetted between the stickers. The orientation 

was set using the cover slip.  

For confocal imaging, Zeiss 800 or Zeiss 880 confocal microscopes with 

40X objectives. For 2-photon imaging, an upright Zeiss 880 with Spectra-

Physics Mai Tai DeepSee 2-photon laser was used with a water immersion Zeiss 

Plan-Apochromat 20X lens. 

All analysis was done using FiJI-ImageJ (Schindelin et al., 2012). Adobe 

Photoshop and Illustrator were used to prepare figures.  

2.4 Statistical analysis 

I used GraphPad Prism8 and R (version 4.0.3) software to perform 

statistical tests. In all graphs, whiskers indicate the standard deviation. N values 

are indicated in figure legends.  

The following section is broken down for each results chapter, 3-5. 
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2.5 Chapter 3 

2.5.1 Genotypes 

Genotype Source 

Canton S BL64349 

;;hh-Gal4 BL67493 

;;ptc-LacZ G. Struhl 

;;hhts2,e BL1684 

;eya1; K101489 

;gcm-Gal4; BL35541 

;;UAS-CD8::GFP V. Fernandes 

; FRT40A; M. Amoyel 

smo3, FRT40A C. Boekel 

;;dronc[I24] C. Deslpan 

yw, hsflp122; ; act5c>y+>Gal4 BL4413 

;;UAS-P35 BL5073 

;;10C12-Gal4 BL47841 

ywhsflp122, Tub>Gal4, UASnlsGFP; 

Tub>Gal80, FRT40A 

M. Amoyel 
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ywhsflp122, UASnlsRFP; Tub>Gal80, 

FRT42D; Tub>Gal4 

M. Amoyel 

 

2.5.2 hhts2 temperature shifts 

Flies were reared at 18oC and flipped once a week. To generate larva 

lacking photoreceptors with the hhts2 mutant, vials were kept at 18oC and 

shifted to the non-permissive temperature (29oC) for 72 hrs. Wandering L3s 

and white P0 stage pupa were dissected. 

2.5.3 MARCM clone induction 

To induce control (GFP-expressing), smo3 and smo3; P35, MARCM 

clones, flies were raised at 25oC and flipped every 24hrs. Vials were heat-

shocked at 37oC two days post-laying for 90 minutes. Dissections were carried 

out at 6 days (P0 pupa) post-laying. 

2.5.4 Flp-out clone induction 

To induce large flp-out clones in the eya1 mutant expressing P35, flies 

were raised at 25oC and flipped every 24hrs. Vials were heat-shocked at 37oC 

two days post-laying for 10 minutes. Dissections were carried out at 5 days (L3 

larva) post-laying. 

To induce flp-out clones expressing ERK pathway components, flies were 

raised at 25oC and flipped every 24hrs. Vials were heat-shocked at 37oC three 

days post-laying for 10 minutes. Dissections were carried out at 5 days (L3 

larva) post-laying. 
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2.5.5 EdU Incorporation Assay 

Flies at the 3rd larval instar stage were dissected in fresh Schneider’s 

Medium (Merck - S0146), ensuring that the CNS and associated imaginal discs 

were fully intact with no damage. The dissected brains were incubated in a 

solution of EdU (10µM - Abcam - ab146186) dissolved in Schneider’s medium 

for 30 minutes at room temperature with shaking. The immunostaining 

procedure outline above (see Immunostaining) was then carried out until the 

1X PBS wash. The Click reaction was initiated just before washing in 1X PBS. 

Click solution was composed of 2.5µM picolyl Azide 405nm (DC Bioscience – 

1308-1), 0.1mM Tris(benzyltriazolylmethyl)amine, 2mM Sodium Ascorbate, and 

1mM Copper Sulphate in 1X PBS. The brains were incubated in the Click 

solution for 30 minutes at room temperature with shaking. The brains were 

further washed in 1X PBS for 30 minutes. 

2.5.6 Quantifications 

2.5.6.1 MARCM clone location 

To quantify the position of control, smo3, and smo3 +P35 MARCM clones, 

I used the tips of the lamina as a starting point. I measured the location of the 

centre of each MARCM clone along the anterior circumference up to the centre 

of the lamina. By taking the proportionate distance along the lamina 

circumference, the scale along the lamina circumference became 0.0 at the 

lamina tips and 1.0 at the centre of the lamina. 
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2.5.7 Antibodies List 

Antibody Species Concentration Source 

anti-GFP Chicken 1:500 Aves Labs 

anti-GFP Rabbit 1:500 Thermo Fisher 

anti-DE-Cad Rat 1:20 DSHB 

anti-Dac Mouse 1:20 DSHB 

anti-Dac Guinea pig 1:500 C. Desplan 

anti-β-galactosidase Mouse 1:400 Promega 

anti-Tll Guinea pig 1:500 C. Desplan 

anti-Eya Mouse 1:20 DSHB 

anti-Sim Mouse 1:20 T. Tabata 

anti-Dcp1 Rabbit 1:200 Cell Signalling 

anti-PH3 Rabbit 1:100 Cell Signalling 

Anti-HRP-UV conj. N/A 1:50 Stratech 

anti-RFP Chicken 1:400 Rockland 

anti-RFP Rabbit 1:400 MBL International 

 

Secondary antibodies used were from Jackson Immunolabs or Invitrogen used 

at 1:800.  
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2.6 Chapter 4 

2.6.1 Genotypes 

Chapter 4  

Canton S BL64349 

;ptcS2, FRT42D; BL6332 

;;hhts2,e BL1684 

;;pntp1-Gal4 V. Fernandes 

UAS-ERK-RNAi VDRC 43123 

UAS-pntP1 E. Bach 

UAS-rlsem BL 59006 

UAS-EGFR-DN; UAS-EGFR-DN BL5364 

UAS-aopACT BL5789 

UAS-aop-RNAi BL34909 

;; Dronc[I24], F80B M. Amoyel 

; aopEX18, F40A; J. Treisman 

ywhsflp122, Tub>Gal4, UASnlsGFP; 

Tub>Gal80, FRT40A 

M. Amoyel 

ywhsflp122, UASnlsRFP; Tub>Gal80, 

FRT42D; Tub>Gal4 

M. Amoyel 
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ywhsflp122, Tub>Gal4, UASnlsGFP;; 

Tub>Gal80, FRT80B/TM2 

M. Amoyel 

2.6.2 hhts2 temperature shifts 

Flies were reared at 18oC and flipped once a week. To generate larva 

lacking photoreceptors with the hhts2 mutant, vials were kept at 18oC and 

shifted to the non-permissive temperature (29oC) for 72 hrs. Wandering L3s 

and white P0 stage pupa were dissected. 

2.6.3 MARCM clone induction 

To induce control (GFP-expressing), ptcS2, dronc[I24]; aopACT, aopEX18, 

ptcS2; rlRNAi, and ptcS2; pntP1 MARCM clones, flies were raised at 25oC and 

flipped every 24hrs. Vials were heat-shocked at 37oC two days post-laying for 

90 minutes. dronc[I24]; aopACT MARCM clones were induced using a 60-minute 

heat shock 3 days post-laying. Dissections were carried out at 5 days (late L3 

larva) post-laying. 

2.6.4 Phospho-epitope staining 

Flies at the 3rd larval instar stage were dissected in fresh phosphor-

epitope staining buffer. This was prepared on the day of dissection and was 

composed of 0.5M Tris Hydrochloric acid (pH6.8), 1M Potassium chloride, 1M 

Sodium fluoride (NaF), 1M Sodium orthovanadate (NaVO4), and 1M beta-

glycerophosphate dissolved in distilled water. Stock solutions of NaF, NaVO4, 

and beta-glycerophosphate were made in water and stored at -20oC. 

Dissections were carried out as fast as possible (under two minutes) and fixed 
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immediately in 4% paraformaldehyde. Brains were stained with antibodies as 

above (see Immunostaining) using rabbit anti-P-p44/42 MAPK (T202/Y204) 

(concentration: 1:100 - Cell Signalling #9101S). 

2.6.5 Quantifications 

2.6.5.1 Number of LPCs in the lateral lamina furrow 

To quantify the total LPC population prior to column formation, I counted 

the number of Dac-positive cells in the lamina furrow and pre-assembling 

domain. I used the most anterior photoreceptor axon bundle (HRP stain) as a 

boundary to count LPC up to. 

2.6.5.2 Onset of Dac expression 

To quantify the onset of Dac expression in the lamina furrow, I used the 

most proximal neuroepithelial cell (at the apex) as a starting point with a value 

of 0. I then counted the cell position from which Dac expression began. 

2.6.6 Antibodies List 

Antibody Species Concentration Source 

anti-DE-Cad Rat 1:20 DSHB 

anti-Dac Mouse 1:20 DSHB 

anti-Dac Guinea pig 1:500 C. Desplan 

Anti-Dpn Guinea Pig 1:500 C. Desplan 

anti-GFP Chicken 1:500 Aves Labs 
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anti-GFP Rabbit 1:500 Thermo Fisher 

anti-P-p44/42 ERK Rabbit 1:200 Cell Signalling 

anti-Aop Mouse 1:20 DSHB 

Anti-HRP-UV conj N/A 1:50 Stratech 

anti-RFP Chicken 1:400 Rockland 

anti-RFP Rabbit 1:400 MBL International 

 

Secondary antibodies used were from Jackson Immunolabs or Invitrogen used 

at 1:800.  
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2.7 Chapter 5 

2.7.1 Genotypes 

Chapter 5  

; FRT40A; M. Amoyel 

ey-Gal80; tub-Gal80ts;27G05-Gal4 BL48073 

;;UAS-CD8::GFP C. Desplan 

;UAS-PntP1 BL869 

Canton S V. Fernandes 

gcm-Gal4 V. Fernandes 

rho[x81]-lacZ V. Fernandes 

;;ptc-LacZ G. Struhl 

;;hh-Gal4 BL67493 

;;hh-sfGFP (BAC) BL86271 

;;UAS-Ci-76 V. Fernandes 

;;UAS-Ci-RNAi BL64928 

;UAS-Smo-RNAi, UAS-Smo-RNAi; V35038 

;UAS-Costal-2; BL55039 

;dally-RNAi; I. Mcgough 

;;UAS-CiACT2x D. Kalderon 
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;ptcS2, FRT42D; BL6332 

ninaE GMR-Gal4 BL1104 

;;UAS-hh-EGFP BL81025 

;;hhts2,e BL1684 

;UAS-Notch-RNAi; BL27228 

ywhsflp122, UASnlsRFP; Tub>Gal80, 

FRT42D; Tub>Gal4 

M. Amoyel 

ywhsflp122, Tub>Gal4, UASnlsGFP; 

Tub>Gal80, FRT40A 

M. Amoyel 

 

2.7.2 hhts2 temperature shifts 

Flies were reared at 18oC and flipped once a week. Wandering L3s and 

white P0 stage pupa were dissected. Below is a table of temperature shift 

conditions which describes how other temperature shift conditions were carried 

out. 

Heterozygous control Raised at 18oC until early L3 and shifted to 

29oC for 24 hours  

No temperature shift Raised at 18oC until P0 

6-hour temperature shift Raised at 18oC until early L3 and shifted to 

29oC for 6 hours  
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12-hour temperature shift Raised at 18oC until early L3 and shifted to 

29oC for 12 hours  

24-hour temperature shift Raised at 18oC until early L3 and shifted to 

29oC for 24 hours  

45-hour temperature shift Raised at 18oC until early L3 and shifted to 

29oC for 45 hours  

72-hour temperature shift Raised at 18oC until early L3 and shifted to 

29oC for 72 hours  

 

2.7.3 MARCM clone induction 

To induce MARCM clones expressing GFP for lineage tracing, flies were 

raised at 25oC and flipped every 24hrs. To generate one MARCM clone per 

lamina, vials were heat-shocked at 37oC two days post-laying for 60 minutes. 

Dissections were carried out at 6 days (P0 pupa) post-laying. 

To induce ptcS2 MARCM clones, flies were raised at 25oC and flipped 

every 24hrs. Vials were heat-shocked at 37oC two days post-laying for 90 

minutes. Dissections were carried out at 6 days (P0 pupa) post-laying. 

2.7.4 Quantifications 

2.7.4.1 LPC-containing MARCM clone positions 

To quantify the position of control, smo3, and smo3 +P35 MARCM clones, 

I used the tips of the lamina as a starting point. I measured the location of the 
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centre of each MARCM clone along the anterior circumference up to the centre 

of the lamina. By taking the proportionate distance along the lamina 

circumference, the scale along the lamina circumference became 0.0 at the 

lamina tips and 1.0 at the centre of the lamina. 

2.7.4.2 LPC population quantifications 

To quantify the onset of Dac expression in the lamina furrow, I used the 

most proximal neuroepithelial cell (at the apex) as a starting point with a value 

of 0. I then counted the cell position from which Dac expression began. 

To quantify the total LPC population prior to column formation, I counted 

the number of Dac-positive cells in the lamina furrow and pre-assembling 

domain. I used the most anterior photoreceptor axon bundle (HRP stain) as a 

boundary to count LPC up to. 

2.7.4.3 Mean Fluorescence Intensity (MFI) quantifications and statistical 

analyses 

Ptc-lacZ: I took the most central 10 z slices using the photoreceptors 

(HRP stain) as a landmark. I used these to perform maximum intensity 

projections and measured the mean fluorescence intensity (MFI) plots of the 

ptc-lacZ channel. This was done for the 6 rows of the lamina from youngest to 

oldest (anterior to posterior) regions. 

Hh-sfGFP/+: The MFI intensity profiles were obtained in the same way 

as ptc-lacZ. However, a maximum projection was not done due to imperfect 

mounting orientation. For 10 centrally located z slices in each optic lobe, I 
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measured the MFI profiles along the distal-proximal positions of the two 

youngest lamina columns. The Dac stain was used as a landmark, where the 

starting position was the distal-most, or top, LPC, and the end point was the 

most proximal LPC. The MFI was normalised the maximum MFI value per 

profile. We then performed regression averaging using ggplot in R to generate 

a smoothed average plot of Hh-sfGFP fluorescence based on the individual 

profiles.  

2.7.4.4 Cell-type quantifications: 

Laminats>CD8::GFP, Cirep, CiRNAi, and hhts2: Lamina subtypes were 

identified using Slp-2, Svp and Bsh as subtype-specific markers. L2/L3s were 

indistinguishable since both only express Slp2. I quantified the number of 

L2/L3s, L1s, L4s, and L5s in 10 centrally located slices in each optic lobe. I also 

calculated the proportions of each lamina neurons subtype for each experiment 

by using the total number of differentiated (Elav-positive) lamina neurons per 

lamina. I have shown these quantifications normalised to the control (each 

subtype value divided by the average for the corresponding subtype in the 

control). The raw values are also graphed. 

2.7.5 scRNAseq analyses 

I used multiple single cell RNAseq (scRNAseq) datasets of optic lobes at 

multiple developmental timepoints: wandering third instar larva, 0 hours after 

puparium formation (APF), 12 hours APF, 15 hours APF and 24 hours APF 

(Kurmangaliyev et al., 2020; Konstantinides et al., 2021; Özel et al., 2021). I 
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used the Seurat v3 integration pipeline which removed batch effects between 

data (Stuart et al., 2019).  

This pipeline followed the following steps:  

• Each dataset was normalised to the L3 dataset (Konstantinides et al., 

2021) using the NormaliseData function. 

• The 2000 most variable features (genes) were extracted using the 

FindVariableFeatures function. 

• I integrated the data together using the FindIntegrationAnchors 

and IntegrateData functions.  

• To cluster the integrated dataset, I used the functions: 

ScaleData, RunPCA (150 principal components), FindNeighbours (80 

dimensions), FindClusters (resolution = 5), RunUMAP.    

2.7.5.1 Annotating clusters 

The cell types had already been annotated within each dataset, however 

I confirmed this by using the expression of marker genes. These were: 

dac, eya, tll, gcm for LPCs; svp and slp2 for L1s; slp2 for L2s; erm and slp2 for 

L3s; bsh and apterous for L4s; bsh and slp2 for L5s (Zhen Huang and Kunes, 

1996; Chotard, Leung and Salecker, 2005; Hasegawa et al., 2013; Piñeiro, 

Lopes and Casares, 2014; Guillermin et al., 2015; Tan et al., 2015). 
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2.7.5.2 Differentially expressed genes 

To analyse the differentially expressed genes between he L1-L4 stream 

and the L5 stream, I manually selected each branch by using the CellSelector 

function. I used the FindMarkers function (two-sided Wilcox rank-sum test) to 

identify which genes were expressed at higher or lower levels in L5s compared 

to the L1-L4s based on log fold change. I visualised UMAPS of displaying 

singular gene expression using the DimPlot and FeaturePlot functions.  

2.7.6 Antibodies List 

Antibody Species Concentration Source 

anti-GFP Chicken 1:500 Aves Labs 

anti-GFP Rabbit 1:500 Thermo Fisher 

anti-DE-Cad Rat 1:20 DSHB 

anti-Dac Mouse 1:20 DSHB 

anti-Dac Guinea pig 1:500 C. Desplan 

anti-Elav Rat 1:20 DSHB 

anti-Elav Mouse 1:20 DSHB 

anti-Svp Mouse 1:10 DSHB 

anti-Bsh Rabbit 1:400 C. Desplan 

anti-Slp2 Guinea Pig 1:100 C. Desplan 

anti-Tll Guinea pig 1:500 C. Desplan 
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anti-Eya Mouse 1:20 DSHB 

anti-Sim Mouse 1:20 T. Tabata 

anti-Aop Mouse 1:20 DSHB 

anti-β-galactosidase Mouse 1:400 Promega 

anti-Zfh-1 Rabbit 1:100 M. Amoyel 

anti-RFP Chicken 1:400 Rockland 

anti-RFP Rabbit 1:400 MBL International 

anti-Dcp1 Rabbit 1:200 Cell Signalling 

Anti-HRP-UV conj N/A 1:50 Stratech 

 

Secondary antibodies used were from Jackson Immunolabs or Invitrogen used 

at 1:800. 
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Chapter 3 – Hh promotes survival of lamina fate-

specified neuroepithelium. 

3.1 Introduction 

In this chapter, I investigate the role of Hh signalling in the early steps of 

lamina development. The current model of lamina development argues that Hh 

signalling specifies lamina fate in developing neuroepithelium at the lateral 

margin of outer proliferation centre. Here, I challenge this model, and provide 

data that instead argues that Hh signalling promotes survival of cells already 

specified with lamina fate. 

 

3.1.1 Hedgehog signalling functions in development 

Hh has many roles in development and often acts as a morphogen 

(Tabata and Kornberg, 1994; Mullor et al., 1997; Sagner and Briscoe, 2019).  

In several contexts, including the ventral neural tube in the vertebrate 

and in the wing disc in Drosophila melanogaster, Sonic Hedgehog (Shh) or Hh 

is distributed in a concentration gradient (Tabata and Kornberg, 1994; Martí et 

al., 1995; Sagner and Briscoe, 2019). This has a dose dependent transcriptional 

output resulting in patterning of different cell types. This represents a highly 

conserved mechanism which explains how one signalling pathway can have 

differential outputs (Dessaud, McMahon and Briscoe, 2008). 
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Hedgehog also plays a role in cell survival during development (Ahlgren and 

Bronner-Fraser, 1999; Brito, Teillet and Le Douarin, 2006). For example, during 

the development of the Drosophila wing pouch, blocking Hh results in 

widespread caspase-dependent cell death (Lu, Wang and Shen, 2017). 

Furthermore, when Desert Hedgehog was knocked down in mice, mass 

widespread apoptosis of germ cells ensued (Mäkelä et al., 2011). 

 

3.1.2 Study Discoveries 

Here, I provide evidence that Hh signalling is not an inductive cue during 

lamina development. Firstly, I show that a dorsal and ventral subset of LPCs 

develop in the absence of photoreceptors and when Hh signalling is 

autonomously blocked in the lamina. While LPCs were not recovered in the 

central lamina in the absence of Hh signalling, I observed increased apoptosis 

at the lamina furrow in this region. Blocking apoptosis was sufficient to rescue 

their development. Thus, if kept alive, LPCs were specified and developed in the 

absence of Hh signalling. Furthermore, these rescued LPCs progressed through 

the cell cycle as they retained their ability to undergo S-phase and mitosis. 

Thus, in contrast to the prevailing model that Hh is an inductive signal for LPC 

development and cell cycle progression, I found instead that it promotes 

survival of already specified LPCs. I hypothesise that a yet undiscovered 

mechanism specifies the neuroepithelial cells with lamina fate.  
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3.2 Results 

3.2.1 A subset of LPCs develops in the absence of photoreceptors 

It has been reported previously that photoreceptors are the sole source 

of Hh to the optic lobes during lamina development (Z. Huang et al., 1998). To 

confirm this, I used a hh-Trojan-Gal4 to drive expression of UAS-CD8::GFP to 

label cells that express hh. Photoreceptors in the eye disc, which projected their 

axons through the optic stalk and into the optic lobe were the only cells labelled 

with GFP (N=10/10; Figure 3.1A), consistent with previous reports of Hh 

expression (Z Huang and Kunes, 1996; Z Huang et al., 1998; Curtiss and 

Mlodzik, 2000). Next, I investigated which tissues displayed Hh signalling 

activity. patched (ptc) is a direct transcriptional target of Hh signalling, 

therefore I used an enhancer trap in the ptc locus (ptc-lacZ) as a readout of Hh 

signalling activity. ptc-lacZ was expressed on the lateral side of the lamina 

furrow prior to the onset of Dac expression (N=10/10; Figure 3.1B and B’). 

Thus, photoreceptor derived Hh must activate the Hh pathway in the lateral 

neuroepithelial cells of the lamina furrow.  

To test the role of Hh signalling in lamina development, I blocked 

photoreceptor formation, thus removing the source of Hh from the optic lobe, 

by using a temperature-sensitive hh mutant allele, hhts2. Hh is required to 

initiate morphogenetic furrow progression and then drives differentiation of 

each successive row of photoreceptors in the eye disc in the wake of the 

morphogenetic furrow (Domínguez and Hafen, 1997; S Greenwood and Struhl, 

1999). Therefore, shifting hhts2 animals to the non-permissive temperature 
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(29oC) prior to morphogenetic furrow initiation results in a complete block in 

photoreceptor development (Zhen Huang and Kunes, 1996; Z. Huang et al., 

1998). I shifted animals homozygous for hhts2 to the non-permissive 

temperature such that Hh signalling and therefore photoreceptor development 

was blocked (See Methods and Materials). Under these conditions, the optic 

lobe was devoid of photoreceptor axons (marked by Horseradish Peroxidase; 

HRP) in hhts2 compared with control animals (N=13; Figure 3.11D compared to 

1C). Interestingly, the lamina furrow still formed at the lateral edge of the OPC 

neuroepithelium in the absence of photoreceptor axons (Figure 3.1D – dashed 

outline). However, Dac expression was lost, and the lamina did not form 

(N=13; Figure 3.1D compared to 1C). I also viewed optic lobes laterally, where 

in the wild-type, the full lamina crescent was visible (N=10; Figure 3.1F, F’ – 

max projections of z-stacks). Unexpectedly, in this orientation, I observed 

clusters of Dac-positive cells at the dorsal and ventral regions of the OPC 

adjacent to the lamina furrow (N=20; white arrows; Figure 3.1G, G’). To 

corroborate these results, I sought to disrupt photoreceptor development 

independently of Hh signalling by using mutants with eyeless phenotypes. Eya 

is a retinal determination factor, and mutations in eya disrupt eye (and 

therefore photoreceptor) development (Bonini, Leiserson and Benzer, 1993b; 

Pappu et al., 2005; Salzer, Elias and Kumar, 2010). Photoreceptors failed to 

develop in animals mutant for eya1 (N=13; Figure 3.1E and N=20; Figure 

3.1H). However, as in the case of hhts2, I observed clusters of Dac-positive cells 

at the dorsal and ventral regions of the OPC adjacent to the lamina furrow 

(N=20; Figure 3.1H, H’). These Dac-expressing cell clusters resembled LPCs in 
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morphology and position relative to the lamina furrow (N=20; Figure 3.1H, H’), 

i.e., they appeared to arise from the lamina furrow and accumulated laterally to 

the lamina furrow in regions that corresponded to the dorsal and ventral-most 

regions of the lamina in wildtypes (Figure 3.1F, F’).  
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Figure 3.1: A subset of Dac-positive cells develops independently of 

photoreceptors. (A) The eye disk and optic lobe during the third larval instar. 

Photoreceptors develop in the eye disk and project axons to the optic lobe via 

the optic stalk. E-Cad (yellow) is expressed by neuroepithelium of the outer 

proliferation centre (OPC) which is seen in cross-section here, so that a fold, 

called the lamina furrow is visible (dashed outline). The lamina (labelled) 

develops on the posterior side of the lamina furrow, whereas the medulla 

(labelled) develops on the anterior side. Dachshund (Dac - magenta) is 

expressed by the lamina and lobula plug (a developing structure which gives 

rise to the lobula and lobula plate. Throughout this study, Dac is used as a 

lamina marker, but the lobula plug serves as a useful landmark in mutant optic 

lobes. A hh-Gal4 was crossed with UAS-CD8::GFP to report endogenous hh 

expression. The only cells to deliver Hh to the third larval instar optic lobe are 

photoreceptors. This can be identified by morphology since the only cells to 

express GFP (cyan) project via the optic stalk to the lamina, hence are 

photoreceptors. (B) The expression pattern of ptc-LacZ detected by anti-β-

Galactosidase. The ptc gene is expressed downstream of Hh signalling as a 

negative feedback response. Therefore, since ptc-LacZ reports endogenous ptc 

gene expression, it can be used as a Hh activity reporter. Here, it is expressed 

in the lamina furrow one or two cells prior to the onset of Dac expression. (C-

E) A wild-type (C), hhts2/hhts2 (D), and eya1 (E) optic lobe seen in cross-section 

and stained with E-Cad and Dac. In the wild type, the lamina furrow forms with 

Dac expression on the posterior side. Whereas, in the hhts2/hhts2, and eya1 

mutants, Dac expression is lost on the posterior side of the lamina furrow and 
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lamina development is abolished. (F-H’) Maximum intensity projections of wild-

type (F-F’), hhts2/hhts2 (G-G’), and eya1 (H-H’) optic lobe seen in the lateral 

view and stained with E-Cad and Dac. As seen in the wild-type, the lamina 

develops as a crescent shape (F-F’). The lateral view of the hhts2/hhts2, and 

eya1 mutants reveals that there is an incomplete abolition of the lamina since 

two LPC clusters (dorsally and ventrally – arrows) can develop in the absence of 

photoreceptors. D – Distal, Po – Posterior, P – Proximal, A – Anterior. Scale 

bars - A = 20µm, cross-sections (B-E) are the same scale: 20µm; lateral views 

(F-H) are the same scale: 40µm. 

 

 

 

 

 

 

 

 

 

 

 

 

104



To test whether these Dac-positive cell clusters were indeed LPCs, I 

examined the expression of other LPC markers, Tailless (Tll), Glial cells missing 

(Gcm), and Eya in the wild-type and in hhts2 mutants. Firstly, the expression of 

Tll, gcm-Gal4, and Eya are restricted to LPCs in the wild-type (N=13/13, N=8/8, 

N=10/10 respectively; Figure 3.2A, D, G). However, I found that the Dac-

positive clusters which formed in the absence of photoreceptors co-expressed 

Tll, gcm>GFP, and Eya (N=10/10; Figure 3.2B, E, H – lateral view, C, F, I – 

cross-sectional view). The expression of each LPC marker was maintained not 

just at the dorsal and ventral tips, but also in the neuroepithelium throughout 

the central regions of the lamina furrow (N=10/10; Figure 3.2B, E, H). 

Furthermore, by looking in cross-section at the Dac-positive clusters, the onset 

of expression for each LPC marker began prior to the expression of Dac 

(N=10/10; Figure 3.2C, F, I).  

Interestingly, another transcription factor expressed by LPCs, Sim, was 

not present in the dorsal and ventral clusters (N=10; Figure 3.2J, K). Sim is 

expressed by LPCs in response to Hh signalling (Umetsu et al., 2006), thus, it’s 

absence in hhts2 animals is expected.  

These data argue that the Dac expressing cell clusters that develop in 

the absence of photoreceptors are indeed LPCs and thus, that a subset of LPCs 

develop independently of photoreceptors. 
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Figure 3.2: Dorsal and ventral Dac-positive cells also express Eya, 

gcm-gal4, and Tll. Wild-type, hhts2, and eya1 mutant optic lobes stained with 

an LPC marker (A – C: Tll; D – F: gcm>UAS-CD8::GFP; D – F: Eya; J – K’: 

Sim – cyan in respective tiles), E-Cad (yellow) and Dac (magenta) in the lateral 

views and cross-sectional views of the lamina tips. (A, D, G, J) Tll, gcm>UAS-

CD8::GFP, Eya, and Sim are all expressed by the lamina. (B, E, H) The dorsal 

and ventral Dac-positive clusters (marked by a white arrow) are also positive 

for Tll, gcm>Uas-CD8::GFP, and Eya. (C, F, I) Cross sectional views of the Dac-

positive clusters confirm that Tll, gcm>UAS-CD8::GFP, and Eya are expressed. 

Furthermore, the clusters are also situated within the lamina furrow and on the 

posterior side. Overall, this confirms their identity as LPCs. (K) Sim is not 

expressed by Dac-positive clusters in the hhts2 mutant. Scale bars - lateral views 

(A, B, D, E, G, H) are the same scale: 40µm; cross-sections (C, F, I) are the 

same scale: 20µm. A – Anterior, P – Posterior. 
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3.2.2 Dorsal and ventral LPCs develop independently of Hh 

signalling 

To specifically test if autonomous Hh signalling activity is required for 

lamina development, I induced MARCM (Mosaic Analysis with a Repressible Cell 

Marker) (Lee and Luo, 2001) clones mutant for smoothened (smo) in the optic 

lobes. Smo is a positive regulator of the Hh pathway, thus, in cells mutant for 

smo Hh signalling is blocked. LPCs failed to develop in most clones as indicated 

by the lack of Dac expression (N=28/43; 65% of clones; Figure 3.3B-C), as 

reported previously (Zhen Huang and Kunes, 1996; Z. Huang et al., 1998). 

However, Dac-expressing cells were recovered in 35% of smo clones (N=15/43; 

Figure 3B – yellow arrow and Figure 3.3C). To determine if the clones that 

contained Dac-expressing LPCs were regionally restricted, I plotted their relative 

clonal position (tip to centre) compared with clones that did not contain Dac-

expressing cells (see materials and methods). I found that control clones 

(Figure 3.3A, N=43) and smo3 clones (Figure 3.3B, N=43) were induced evenly 

throughout the OPC and did not differ significantly for the mean clonal position 

(Figure 3.3E, Unpaired t test, P=0.6472). Strikingly, smo3 clones containing 

Dac-expressing cells were restricted towards the lamina tips (Figure 3.3F), 

whereas smo3 clones that did not contain Dac-expressing cells were offset from 

the tips. Indeed, the mean clonal position for Dac-expressing smo clones was 

0.08 +/- 0.01 std error, compared with 0.65 +/- 0.04 std error for smo clones 

that did not express Dac (Figure 3.3F, Unpaired t test, P<0.0001). Thus, a 

subset of LPCs restricted to the dorsal and ventral regions of the presumptive 

lamina can develop independently of Hh signalling. 
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Figure 3.3: A subset of Dac-positive cells develops independently of 

Hh signalling. (A) Non-mutant MARCM clones marked with GFP (white – solid 

outline) were induced with a 90-minute heat shock, two days post egg-laying. 

(B) MARCM clones mutant for smo3 marked with GFP (white – solid outline) 

were induced with a 90-minute heat shock, two days post egg-laying. Most 

clones lacked Dac expression, however a small subset did contain Dac-positive 

cells. (C) I quantified the numbers of clones that contained Dac-positive cells in 

non-mutant (N=43/43) vs smo3 mutant clones (N=15/43). While this was 

statistically significant change in the proportions of clones containing Dac-

positive cells (Fisher’s Exact test P<0.0001), I did not expect to see any smo3 

mutant clones expressing Dac. (D) To quantify the mean position of clones, I 

took the distance of the centre of each clone and divided by the distance from 

the tip to the centre of the lamina. This generated a number between 0.0 and 

1.0 which corresponded to the tip and centre of the lamina respectively. (E) 

The mean position of non-mutant (N=25) and smo3 (N=43) mutant clones was 

not significantly different (unpaired, two-tailed t test, P=0.6742). (F) The mean 

position of smo3 clones containing Dac-positive cells (0.08, N=15) vs clones 

that did not contain Dac-positive cells (0.65, N=28) was significantly different 

(unpaired, two-tailed t test, P<0.0001). Therefore, smo3 clones that contained 

Dac-positive cells were restricted to the tips of the lamina. Scale bar = 40µm. 
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3.2.3 Widespread apoptosis occurs in the OPC in the absence of Hh 

Neuroepithelial cells in the lateral lamina furrow are believed to express 

the lamina marker Dac in response to Hh signalling. However, since I found 

that dorsal and ventral LPCs could form and express Dac (as well as other 

markers) independently of Hh signalling, I next asked why central LPCs fail to 

develop under these conditions. It was possible that central LPCs were not 

induced since Hh signalling was shown to be required for LPC induction (Zhen 

Huang and Kunes, 1996; Z. Huang et al., 1998). Another possibility was that 

apoptosis occurred in the absence of Hh signalling and thus, no LPCs were 

present. Previous reports had not investigated the possibility that apoptosis 

occurs when Hh signalling was blocked. 

Therefore, I began by evaluating whether OPC neuroepithelial cells 

underwent apoptosis under these conditions by using an antibody for Death 

caspase-1 (Dcp-1). Dcp-1 is an effector caspase that acts downstream of the 

initiator caspase Death regulator Nedd2-like caspase (Dronc) during apoptosis. 

During lamina development, the row of post-mitotic LPCs located between 

differentiating L4 and L5 neurons is eliminated by apoptosis starting 5 columns 

away from the lamina furrow (Huang, Shilo and Kunes, 1998; Prasad et al., 

2022). In wildtype optic lobes, these were the only cells that stained positive for 

Dcp-1, visible when the lamina was viewed laterally (N=7; Arrows - Figure 

3.4A) and in cross-section (N=10; Arrows - Figure 3.4B, B’). In contrast, in the 

hhts2 and eya1 mutants, Dcp-1-positive cells were present in abundance along 

the lateral edge of the lamina furrow (N=10; lateral views – Figure 3.4C, E and 
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N=10; Figure 3.4D, F). I tested whether cell autonomously blocking Hh 

signalling also led to increased apoptosis at the lateral lamina furrow by 

examining Dcp-1 expression in smo3 mutant clones.  

Once again, I found that Dcp-1-positive cells were present at the lateral 

edge of the lamina furrow in smo3 mutant clones (N=7; Figure 3.4G, N=11/11 

and 3.4H). Thus, in the absence of Hh signalling, cells at the lateral edge of the 

lamina furrow undergo apoptosis. 
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Figure 3.4: There is widespread cell death in the lamina furrow in the 

absence of photoreceptors and Hh signalling. (A-F) Wild-type, hhts2, and 

eya1 mutant optic lobes stained with anti-Death caspase 1 (Dcp-1 - cyan), E-

Cad (yellow) and Dac (magenta) in the lateral view as maximum intensity 

projections (A, C, E) and cross-sectional (B, D, F) views. The lamina furrow is 

marked with a dashed line. In contrast to the wild-type (A, B) where Dcp-1 

was not present in the lamina furrow, but only in the lamina proper (arrows), 

Dcp-1 was present on the posterior side of the lamina furrow in hhts2 (C, D - 

arrows) mutants and eya1 (E, F - arrows). (G) MARCM clones mutant for smo3 

were induced with a 90-minute heat shock, two days post egg-laying and 

marked with GFP (solid outline). smo3 clones contained cells that were positive 

for Dcp-1 (arrows) indicating that cell death occurs in the lamina furrow in the 

absence of Hh signalling. Scale bars - lateral views (A, C, E, G) are the same 

scale: 40µm; cross-sections (B, D, F, H) are the same scale: 20µm.  
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3.2.4 Blocking cell death is sufficient to rescue central lamina 

development 

I noticed that the cells undergoing apoptosis in the absence of 

photoreceptors (hhts2 and eya1 mutants) or when Hh signalling was blocked 

(smo3 mutant clones) did not express the lamina marker Dac, suggesting that 

they were eliminated before specification as LPCs. Given that dorsally and 

ventrally located LPCs would still form and express Dac in the absence of Hh 

signalling, I wondered whether blocking apoptosis in the absence of 

photoreceptors or Hh signalling could rescue LPC development.   

To test this, I first, blocked apoptosis using a mutation in the effector 

caspase, Dronc (Dronc[I24]), in the eya1 mutant background (i.e., eya1; 

Dronc[I24] double mutants). Thus, in eya1; Dronc[I24] double mutants, 

photoreceptors did not develop, but apoptosis was blocked. In control (eya1 

homozygous mutants that were heterozygous for Dronc[I24]) optic lobes, I 

observed only dorsally and ventrally positioned LPCs as in eya1 mutants (N=6; 

arrowheads - Figure 3.5A). However, in eya1; Dronc[I24] double mutants, I 

observed clusters of Dac-expressing cells that were centrally positioned 

(N=17/20; arrow - Figure 3.5B, B’) in addition to dorsally and ventrally 

positioned LPCs (arrowheads – Figure 3.5B, B’). Therefore, blocking apoptosis 

in the eya1 mutant, could partially rescue LPC development from the central 

domain of the neuroepithelium. Next, I induced large flip-out clones to express 

the baculovirus caspase inhibitor P35 to block apoptosis in eya1 mutants (N=9; 

Figure 3.5C-C’’). This resulted in a similar rescue of Dac-expressing LPCs from 
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the central region of the neuroepithelium, similar to eya1; Dronc[I24] double 

mutants (N=9; arrows - Figure 3.5C-C’’) in addition to dorsally and ventrally 

positioned LPCs (arrowheads – Figure 3.5C-C’’). As well, driving P35 expression 

in the lamina furrow using the 10C12-Gal4 driver in the hhts2 mutant (N=6; 

Figure 3.5D, D’) also generated the same result, such that Dac-expressing LPCs 

developed from the central region of the neuroepithelium (N=16; arrow – 

Figure 3.5E, E’) in addition to dorsally and ventrally positioned LPCs 

(arrowheads – Figure 3.5E, E’). 
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Figure 3.5: Blocking cell death is sufficient to rescue lamina 

development in the absence of photoreceptors. All images are maximum 

intensity projections. (A-B) eya1 mutant optic lobes in the lateral view 

combined with heterozygous (A) and homozygous (B) dronc[I24] mutant in 

which apoptosis was blocked, stained with Dac (magenta) and E-Cad (yellow). 

Compared with the heterozygous dronc[I24], the homozygous dronc[I24] 

mutation resulted in a central Dac-positive cluster (arrow) in the eya1 

background in addition to the photoreceptor-independent LPCs (arrowheads). 

(C) Homozygous eya1 mutant optic lobe where large flp-out clones (marked 

with GFP – white outline) were induced using a 10-minute heat shock three 

days post-laying, which over-express P35. Similarly to B, this resulted in a 

central Dac-positive cluster (arrow) in the eya1 background in addition to the 

photoreceptor-independent LPCs (arrowheads). (D) Expression of UAS-

CD8::GFP under the control of the 10C12-Gal4 driver in the homozygous hhts2 

mutant background shifted for 72hrs before puparium formation. GFP was 

expressed sporadically throughout the central regions of the lamina furrow 

(arrow), photoreceptor-independent LPCs marked with arrowheads. (E) 

Expression of P35 under the control of the 10C12-Gal4 driver in the 

homozygous hhts2 mutant background shifted for 72hrs before puparium 

formation. Here, a cluster of Dac-positive cells (arrow) developed in the central 

region of the lamina furrow in addition to the photoreceptor independent LPCs 

(arrowheads). Scale Bar = 40µm. 
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Finally, to block apoptosis specifically in cells in which Hh signalling was 

also blocked, I generated MARCM clones for smo3 that express P35. As shown 

previously, 35% of smo3 mutant clones contained Dac-expressing cells and 

these were restricted to clones positioned in the dorsal and ventral regions only 

(N=10; Figure 3.6A, and N=9; Figure 3.6B, B’). However, 74% of smo3 clones 

expressing P35, contained Dac-expressing LPCs, including clones that were 

centrally positioned (N=39/53; Figure 3.6C, C’), a statistically significant 

increase compared with smo3 clones (Figure 3.6E, Fisher’s Exact test, 

P<0.0002). Furthermore, the mean clonal position for Dac-expressing smo3 + 

P35 clones was 0.40 +/- 0.05 std error, compared with 0.0.08 +/- 0.01 std 

error for Dac-expressing smo clones (Figure 3.6F, Mann Whitney test, 

P<0.0001). 
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Figure 3.6: Blocking cell death is sufficient to rescue lamina 

development in the absence of Hh signalling. (A – B) MARCM clones 

mutant for smo3 were induced with a 90-minute heat shock two days post egg-

laying (white outlines) in the lateral (A) and cross-sectional (B) views. Dac 

expression was completely lost in central smo3 MARCM clones (see Figure 3.2 

for statistics). (C - D) MARCM clones mutant for smo3 which overexpress P35 

were induced with a 90-minute heat shock two days post egg-laying (white 

outlines) in the lateral (C) and cross-sectional (D) views. In contrast to smo3 

mutant clones, Dac-positive cells were present within clones over expressing 

P35 (N=39/53). Of note Dac expression was slightly lower in smo3 clones 

overexpressing P35 compared to wild-type tissue. (E) 39/53 clones contained 

Dac-positive cells in smo3 mutant clones expressing P35 which was a 

statistically significant change in the proportions of clones containing Dac-

positive cells compared to smo3 mutant clones (Fisher’s Exact test P<0.0002). 

(F) I quantified the mean position of smo3 clones overexpressing P35 

containing Dac-positive cells and compared to those of smo3 clones. The mean 

position of smo3 clones overexpressing P35 which contained Dac-positive cells 

(0.40, N=39) vs smo3 clones (0.08, N=15) was significantly different (unpaired, 

Mann Whitney test, P<0.0001). Overall, smo3 clones overexpressing P35 that 

contained Dac-positive cells were no longer restricted to the tips of the lamina 

and could be found through the lamina furrow. Scale bars - lateral views (A, C) 

are the same scale: 40µm; cross-sections (B, D) are the same scale: 20µm. 
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In addition to Dac expression, I also tested for expression of other LPC 

markers, Tll and Eya, in smo3 clones expressing P35 and found that Tll- and 

Eya-expressing cells were recovered in clones (N=16; Figure 3.7A – B’’). 

Interestingly, although, smo3 clones expressing P35 contained cells that 

expressed Dac, Eya and Tll, not all cells within the clone expressed these 

factors. As well, the level of Dac and Tll expression was reduced compared to 

wildtype tissue (Fig 3.6C-D, Figure 3.7A-B). Therefore, LPC development from 

the central region of the neuroepithelium could be rescued partially in Hh 

signalling-deficient clones when apoptosis was blocked simultaneously. These 

data suggest that if kept alive, neuroepithelial cells can be specified as LPCs in 

the absence of Hh signalling, though Hh signalling is required to fully 

upregulate Dac and Tll expression. 
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Figure 3.7: Rescued LPCs that develop independently of Hh signalling 

express Tll and Eya. MARCM clones mutant for smo3 which overexpress P35 

stained with Dac (magenta), GFP (white), Tll (A – cyan), and Eya (B – cyan). 

(A – B) Tll, and Eya are both expressed within clones. Of note, Tll and Dac 

expression is slightly lower compared to wild-type tissue. Scale Bar = 35µm. 
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3.2.5 LPCs that develop in the absence of Hh signalling still progress 

through the cell cycle 

Hh signalling is believed to drive LPC terminal divisions by promoting a 

G1-S phase transition (Selleck et al., 1992; Z Huang et al., 1998). Therefore, it 

is possible that cells undergo apoptosis due to cell cycle arrest in the absence of 

Hh signalling. Alternatively, cell cycle progression may occur independently of 

Hh signalling but evaluations of this have been confounded by cells undergoing 

apoptosis prior to progressing through the cell cycle. To test these possibilities, 

I used 5-Ethynyl-2'-deoxyuridine (EdU) incorporation to assay for cells in S 

phase and Phospho Histone H3 (PH3) expression to assay for mitotic cells in 

smo3 clones expressing P35. In wildtype optic lobes, EdU incorporated into the 

neuroepithelium of the medial lamina furrow as well as in LPCs awaiting 

incorporation into columns, consistent with previous reports based on 

Bromodeoxyuridine incorporation (Selleck et al., 1992; Zhen Huang and Kunes, 

1996; Z. Huang et al., 1998) (N=10; Figure 3.8A-B). I obtained similar results 

for PH3 in wildtype optic lobes (N=10; Figure 3.8A, C). In smo3 clones 

expressing P35, I found numerous examples of Dac-expressing LPCs that 

incorporated EdU (N=8/10 clones; arrowheads – Figure 3.6D-D’’) or which 

showed PH3 immunoreactivity (N=9/14 clones; Figure 3.6E-E’’), indicating that 

cells are able to progress from S to M phase of the cell cycle (Selleck et al., 

1992; Z Huang and Kunes, 1996; Z. Huang et al., 1998). Thus, LPCs that were 

kept alive in the absence of Hh signalling were not cell cycle arrested. 

Altogether, these data argue that in the absence of Hh signalling cells from the 

lateral lamina furrow undergo apoptosis prior to their specification as LPCs and 
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their progression through the cell cycle. Therefore, Hh signalling is not required 

to induce LPC fate nor promote cell cycle progression but instead it promotes 

cell survival.  
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Figure 3.8: Rescued LPCs that develop independently of Hh signalling 

can progress through the cell cycle. (A) A schematic depicting the lamina 

furrow cross-section and the average locations of cells positive for 5-Ethynyl-2′-

deoxyuridine (EdU - undergoing S-phase) or phosphohistone H3 (PH3 - 

undergoing M-phase). (B) Typically, EdU-positive (cyan) cells are located in a 

band on the anterior side of the lamina furrow (E-Cad – yellow) and in the pre-

assembling domain in the distal-posterior region. (C) PH3-positive (cyan) cells 

are located: at the distal-anterior lamina furrow (E-Cad – yellow) where 

neuroepithelium give rise to medulla neuroblasts; at the proximal-anterior 

lamina furrow; at the distal-posterior region of the furrow (also called the pre-

assembling domain). (D - E) MARCM clones mutant for smo3 which 

overexpress P35 were induced with a 90-minute heat shock two days post egg-

laying (white outlines) in the lamina furrow (dashed outline). I observed 

rescued LPCs within the clone (white arrows) which were Dac-positive (D, E - 

magenta and D’, E’) that were positive for EdU (D - cyan and D’’) and PH3 (E 

- cyan and E’’) indicating the rescued LPCs were able to progress through the 

cell cycle independently of Hh signalling. Scale Bar = 20µm. A – Anterior, P – 

Posterior. 
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3.3 Discussion 

Signals from photoreceptors are critical to coordinate numerous aspects of 

lamina development. Photoreceptor-derived Hh was believed to (1) induce Dac 

expression and, in turn, LPC identity in posterior lamina furrow neuroepithelial 

cells, (2) promote the terminal divisions of LPCs by promoting a G1-S phase 

transition, and (3) promote lamina column assembly by regulating the 

expression of the adhesion factor Hibris in LPCs, which enables them to 

associate with photoreceptor axons (Z Huang and Kunes, 1996; Huang and 

Kunes, 1998; Umetsu et al., 2006; Piñeiro, Lopes and Casares, 2014). 

Surprisingly, I uncovered multiple instances where LPCs formed in the absence 

of Hh signalling. First, I found that a dorsally and ventrally positioned subset of 

Dac-expressing LPCs were able to develop in the absence of photoreceptors 

and Hh signalling. Second, I found that blocking apoptosis and Hh signalling, 

simultaneously, was sufficient to partially rescue Dac expression and LPC 

development for cells arising from the central domain of the neuroepithelium. 

Lastly, I found that rescued LPCs were able to progress through the cell cycle in 

the absence of Hh signalling. Overall, these data suggest that Hh signalling acts 

as a survival signal during lamina development. Thus, instead of being an 

inductive cue, Hh signalling acts as a permissive cue to allow lamina 

development. 
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3.3.1 Hedgehog signalling is dispensable for Dac expression and cell 

cycle progression. 

These data argue against a role for Hh signalling in being the primary 

inducer of Dac expression and LPC specification. Since Dac expression occurs 

independently of Hh signalling, at albeit lower levels, the induction of Dac and 

thus LPC fate can occur independently of Hh. Thus, another mechanism is in 

place to induce Dac expression in the developing neuroepithelium. It has also 

been suggested that Eya and So are required for dac expression (Piñeiro, Lopes 

and Casares, 2014). In this study, a transcriptional network that regulates 

lamina development exists where Eya and So co-dependently drive the 

expression of dac, which inhibits the expression of hth, which is itself inhibitory 

of sim expression (Piñeiro, Lopes and Casares, 2014). Furthermore, this study 

showed that Hth inhibits the expression of eya and so. Moreover, this data also 

showed that in eya mutant clones, an enhancer for dac called dac3EE, is no 

longer expressed indicating that Eya directly regulates dac expression (Piñeiro, 

Lopes and Casares, 2014). Overall, this data suggested a model for lamina 

development where, Hth negatively regulates lamina development, and Hh, 

Eya, and So positively regulate lamina development (Piñeiro, Lopes and 

Casares, 2014). During eye development, Eya binds to Dac and So (Chen et al., 

1997; Bui et al., 2000; Jin and Mardon, 2016). Since these transcription factors 

are also required for lamina development, it is plausible that they form a 

complex which may be involved in specifying lamina specific genes (Piñeiro, 

Lopes and Casares, 2014).  
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The Eya and So complex hypothesis is an attractive model, however I 

have shown that in eya1 homozygous mutants, blocking apoptosis is sufficient 

to rescue LPC development. One explanation for this is that both Eya and Hh 

contribute to cell survival either in the same pathway or independently. It is 

possible that Eya is required by the neuroepithelium to gain the ability to 

respond to Hh signalling, perhaps by inducing the expression of Cubitus 

interruptus.  

Furthermore, since it was possible to rescue LPCs independently of Hh 

signalling, which also undergo S phase and mitosis, I suggest a model whereby 

Hh signalling does not induce cell cycle progression. Thus, the mechanisms 

involved in cell cycle progression and terminal divisions of LPCs are still 

unknown. My data does not rule out the possibility that cell cycle dynamics are 

perturbed, for instance the timing or number of divisions. It would be 

interesting to test whether rescued LPCs do indeed undergo a terminal division. 

This could be done by generating single MARCM clones in the lamina and 

undergoing time course experiments to see how many progenies are produced. 

If this number increases, this would indicate that rescued LPCs do not undergo 

a terminal division. However, if constant, this would indicate that rescued LPCs 

are still able to terminally divide.  
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3.3.2 How is the expression of lamina development regulators 

controlled? 

Throughout, I have used Dac expression (and other markers: Gcm, Tll, 

Eya) to define LPCs. My data suggest that Hh is necessary for maximal 

expression of Dac. Dac (and Tll) were present in rescued LPCs but did not reach 

wild type levels in the absence of Hh signalling, suggesting that Hh signalling 

promotes the full expression of these transcription factors. This suggests an 

exciting new interaction of the downstream transcription factor of Hh signalling, 

Ci. Perhaps, the activated version of Ci, Eya, and So act as cofactors to ensure 

that proper levels of Dac are expressed.  

 

3.3.3 The role of Hh in cell survival during development 

Here, I uncover a role for Hh signalling in cell survival during 

development. A neurotrophic factor regulates the development, maintenance, 

survival and growth of nervous system (Huang and Reichardt, 2003). This is the 

first evidence of Hh acting as a neurotrophic factor by maintaining survival of 

LPCs. 

This observation fits with the finding that overexpression of Dac led to 

increased presence of the pro-apoptotic caspase 3 (Piñeiro, Lopes and Casares, 

2014). Perhaps in addition to promoting LPC fate, Dac expression also promotes 

apoptosis thus leading to the requirement of a pro-survival signal to counter 

this. This impacts our understanding of development, since this model implies 
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that the lamina develops using a fatal strategy which is rescued by a non-

autonomous neurotrophic cue.  

Indeed, apoptosis is a widely conserved mechanism of development 

(Brenner, 1974; Horvitz et al., 1979; Ellis and Horvitz, 1986; Conradt, Wu and 

Xue, 2016; Ghose and Shaham, 2020). Many of the known roles of apoptosis 

during development include tissue sculpting (Coucouvanis and Martin, 1995; 

Lindsten et al., 2000), tissue deletion (Baehrecke, 2002; Berry and Baehrecke, 

2007), cell number regulation (Reynaud and Driancourt, 2000), removing 

damaged or dangerous cells (Opferman and Korsmeyer, 2003), or producing 

‘dead’ structures in the case of plant xylem (Greenberg, 1996). There are many 

cases where growth factors act as pro-survival cues for neurons, otherwise 

known as neurotrophic signals (Oppenheim, 1991). The classical neurotrophic 

factor model is Nerve Growth Factor in the development of mouse sympathetic 

neurons (Hendry et al., 1974). NGF is retrogradely transported from target field 

to cell bodies of post-synaptic neurons and triggers signalling that supports 

neuronal survival (Lonze et al., 2002; Heerssen, Pazyra and Segal, 2004). NGF 

is critically important for sympathetic neuron development, for example when 

anti-NGF antibodies are used or in NGF mutants, almost all sympathetic 

neurons are lost (Angeletti and Levi-Montalcini, 1971; Crowley et al., 1994). 

The role of photoreceptor derived Hh in lamina development may be similar to 

the role of NGF in vertebrates by providing neurotrophic support to developing 

LPCs.  
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3.3.4 Hedgehog’s role in cell survival in other contexts 

Hh pathway is known to be a driving force in proliferation, migration and 

survival, notably in glioblastoma models (Kinzler et al., 1987; Wang et al., 

2010; Takezaki et al., 2011; Braun et al., 2012).  

Hh has been shown to be required for cell survival during development 

in other contexts. For example, Hh inhibits the expression of the pro-apoptotic 

gene, hid in the Drosophila melanogaster wing disc, such that loss of Hh activity 

results in widespread cell death (Lu, Wang and Shen, 2017). Indeed, 

deregulation of Hh signalling in the eye disc promotes the expression of the 

apoptosis inhibitor, diap1, which promotes cell survival (Christiansen et al., 

2012).  

In chick neural tube development, Shh was shown to regulate survival 

through Gli3-mediated transcription of Bcl2 (Cayuso et al., 2006). Shh is also 

required as a pro-survival signal during development of vertebrate facial 

structures. Blocking Shh pathway activity in the mouse neuroectoderm during 

development results in increased cell death in the neuroectoderm and facial 

ectoderm, resulting in a midline collapse and facial defects (Abrams and Reiter, 

2021). Activation of Ptch1 led to a decrease in cell death and rescued midline 

defects (Abrams and Reiter, 2021). Foregut endoderm derived Shh is also 

required for jaw development in chick embryos. When the anterior ventral 

endoderm of the foregut (source of Shh) was removed, neural crest cells 

underwent mass apoptosis. Exogenous Shh rescued the drastic apoptosis defect 

and jaw development was also rescued (Brito, Teillet and Le Douarin, 2006). 

134



Therefore, the pro-survival role of Hh signalling during development is 

conserved between vertebrates and invertebrates. 

Shh was shown to interact with Neural Cell Adhesion Molecules, which 

have been proposed as co-receptors of Ptc, promoting cell survival (Tenzen et 

al., 2006; Zhang et al., 2006; Delloye-Bourgeois et al., 2013). Inhibition of this 

interaction led to apoptosis, thus representing an interesting drug target in the 

treatment of cancer (Delloye-Bourgeois et al., 2013). In another context, mice 

infected with the parasite, Angiostrongylus canonensis, display elevated levels 

of reactive oxygen species and antioxidants in cerebrospinal fluid (Chung et al., 

2013). In astrocyte co-culture with Angiostrongylus canonensis, it was shown 

that astrocytes secrete Shh which acts as a pro-survival factor boosting the 

survival rate of astrocytes (Xia et al., 2012; Chen, Cheng and Wang, 2015). 

Much of the research into the pro-survival role of Hh has led to the proposal 

that the Hh pathway may play a role in cancer cell survival (Zhu et al., 2015).  

 

 

 

 

 

 

 

 

135



Chapter 4 – ERK signalling must be inactive to allow 

lamina precursor cell specification 

4.1 Introduction 

In the previous chapter, I provided evidence that Hh signalling does not 

induce lamina development but promotes survival of LPCs. In this chapter, I 

investigate the process by which OPC neuroepithelial cells are specified as LPCs. 

ERK signalling is required for the progression of the pro-neural wave which 

converts OPC neuroepithelial cells into neuroblasts. Here, I test the involvement 

of ERK signalling in lamina development. Overall, the data from this chapter 

showed that ERK signalling must be inactive for LPC specification. 

 

4.1.1 Generating distinct structures from epithelial regions 

In Drosophila melanogaster, cell lineages which give rise to adult 

structures diverge early during embryogenesis and larval development. Organs 

are derived from imaginal discs, which are epithelial cell sacs. Discs are formed 

from two epithelial layers, the main epithelium, which gives rise to organs, and 

the peripodial membrane, which participates in metamorphosis (Milner, Bleasby 

and Pyott, 1983; Haynie and Bryant, 1986). Imaginal disc epithelial cells remain 

plastic during development such that transplantation of epithelial cells from one 

disc type to another results in ectopic tissue of the acceptor disc, a process 

known as transdetermination (Gehring and Walter, 2003; Nöthiger, 2003). The 

most studied imaginal discs are the eye-antennal, wing, and leg discs. The eye-
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antennal disc gives rise to the eyes, antenna, maxillary palps, and ocelli. The 

wing disc gives rise to the notum, hinge, and wing blade. The leg discs give rise 

to the legs, which are split up into substructures: Coxa, Trochanter, Femur, 

Tibia, Tarsus, and Claws. What are the mechanisms that subdivide each 

imaginal disc to give rise multiple adult structures? 

4.1.1.1 Eye-Antennal discs 

The different regions within the eye-antennal disc are patterned by the 

expression of selector genes. 

During the first larval instar, the eye-antennal disc uniformly expresses 

ey and toy, which act as eye selector genes (Quiring et al., 1994; Halder, 

Callaerts and Gehring, 1995; Halder et al., 1998). Ectopic expression of these 

genes can induce eye development when expressed in other imaginal discs 

(Punzo et al., 2004). Furthermore, homothorax (hth), the homeodomain 

transcription factor, is also expressed throughout the eye-antennal disc 

(Rieckhof et al., 1997). Two more genes, eyegone (eyg) and twin of eyegone 

(toe) are also expressed but are switched off halfway through the first larval 

instar (Aldaz, Morata and Azpiazu, 2003; Jang et al., 2003). During the second 

larval instar the antenna and eye regions are defined. The expression of ey and 

toy becomes restricted to the posterior two thirds of the disc, marking out the 

eye region. Whereas the homeodomain transcription factor, cut, is expressed in 

the anterior third, marking the antenna region (Kenyon et al., 2003). Within the 

cut domain, distal-less (dll) is expressed. The Co-expression of dll and hth 

specifies the antennal region (Si Dong, Chu and Panganiban, 2000). eya is 
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expressed downstream of ey and is the first of the six retinal determination 

factors, which specifies the eye region (Punzo et al., 2002). 

The EGFR and Notch signalling pathways control the subdivision of the 

eye-antennal disc. EGFR signalling is active in the anterior domain and specifies 

antennal fate by repressing ey expression (Kumar and Moses, 2001). However, 

Notch promotes eye formation by antagonising EGFR signalling (Kumar and 

Moses, 2001). Loss of Notch signalling results in ectopic antenna formation at 

the expense of eye development (Kenyon et al., 2003). However, this is 

partially rescued by overexpressing cyclin E (cycE), suggesting that Notch, in 

part, promotes eye specification through proliferation (Kenyon et al., 2003). 

Furthermore, Notch induces the expression of eyg, and in loss of Notch 

experiments, overexpressing eyg can partially rescue eye development 

(Dominguez et al., 2003; Chao et al., 2004).  

4.1.1.2 Wing discs 

The subdivision of the wing disc into the wing blade, notum and hinge 

occurs during the first two larval instars. Technically, the notum is just part of 

the body wall which is formed from the wing disc. The body wall and wing 

regions are divided by the expression of Vein, an EGFR ligand, Wg, and Dpp. 

Vein is expressed in dorsal cells, whereas Wg is expressed in ventral cells and 

both signalling pathways antagonise each other (Couso, Bate and Martínez-

Arias, 1993; Ng et al., 1996; Simcox et al., 1996; Baonza, Roch and Martin-

Blanco, 2000; Klein, 2001). Dpp derived from the peripodial membrane is 

thought to induce the difference in Vein and Wg expression in the dorsal and 
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ventral regions (Paul et al., 2013). Dpp activates the initial expression of Vein, 

which goes on to activate EGFR signalling resulting in Vein expression in a 

positive feedback loop (Paul et al., 2013).  

Downstream of Vein, the expression of Araucan, Caupolican, and Mirror 

specify the notum region (Diez Del Corral et al., 1999; Zecca and Struhl, 2002). 

Wg causes the expression of Vestigial (Vg) and inhibits Teashirt (Tsh) 

expression which contributes to the specification of the wing disc region 

(Couso, Knust and Martinez Arias, 1995; Wu and Cohen, 2002). Wg also inhibits 

Hth expression and causes the expression of Nubbin (Nub) (Azpiazu and 

Morata, 2000; Zirin and Mann, 2004). After Dpp-induced expression of Vn, Dpp 

becomes more highly expressed in the ventral region and inhibits Araucan, 

Caupolican, and Mirror (Cavodeassi, Rodríguez and Modolell, 2002).  

4.1.2 EGFR/ERK signalling 

EGFR/ERK signalling is part of the receptor tyrosine kinase family (Figure 

4.1A). There are four EGFR ligands: Spitz, Vein, Gurken, and Keren (Rutledge et 

al., 1992; Neuman-Silberberg and Schüpbach, 1993; Sturtevant, Roark and 

Bier, 1993; Freeman, 1994; Schnepp et al., 1996; Guichard et al., 2000). Upon 

ligand binding, EGFR dimerizes and undergoes trans-phosphorylation of its 

tyrosine residues (Dawson et al., 2005; Shilo, 2014; Purba, Saita and 

Maruyama, 2017; Liang et al., 2018). Growth factor receptor-bound protein 2 

(Grb2), via its src homology 2 (SH2) domain, binds to the phosphorylated 

tyrosine residues, and recruits Son of Sevenless (SOS), a guanine nucleotide 

exchange factor (Shilo, 2014). Subsequently, SOS activates the kinase, Ras85D, 

139



via GDP-GTP exchange. The function of Ras85D is to activate Raf, a serine-

threonine protein kinase. Once activated, Raf initiates a phosphorylation 

cascade where subsequent kinases phosphorylate the next kinase in the 

pathway. These kinases include Mitogen-activated protein kinase (MAPK), 

Extracellular signal related kinase (ERK or Rolled, Rl in Drosophila 

melanogaster) (Tsuda et al., 1993; Brunner et al., 1994; Therrien et al., 1995; 

Luschnig et al., 2000). Activated Rl phosphorylates downstream transcription 

factors including: PointedP2 (PntP2) and Aop. Upon phosphorylation, PntP2 goes 

on to activate transcription of EGFR target genes such as: argos (aos) and pntP1 

(O’Neill et al., 1994; Webber et al., 2018). When ERK is inactive, Aop actively 

represses transcription, however upon ERK-mediated phosphorylation, Aop is 

shuttled out of the nucleus, such that its repressive effect on transcription is 

lost (O’Neill et al., 1994). 

4.1.3 How is the OPC subdivided into medulla and lamina?  

In this chapter, I investigate how LPCs are specified from OPC 

neuroepithelial cells.  

During the third larval instar, it is known that a pro-neural wave sweeps 

medially-to-laterally through the OPC driven by EGFR signalling and pace-

regulated by Notch signalling (Figure 4.1B). This pro-neural wave induces the 

expression of l(1)sc which induces a neuroepithelial to neuroblast transition 

giving rise to medullary neuroblasts (see Chapter 1). A fold at the lateral edge 

of the OPC forms called the lamina furrow. On the medial side, the pro-neural 

wave converts neuroepithelial cells into neuroblasts which express Deadpan. On 
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the lateral side, neuroepithelial cells transition into LPCs by expressing Dac 

(Figure 4.1B). LPCs terminally divide and are incorporated into lamina columns. 

What are the mechanisms that subdivide the OPC into LPCs? 

There are several clues in the literature that indicate Hh signalling is 

required for LPC formation (Zhen Huang and Kunes, 1996; Z. Huang et al., 

1998). However, I showed in Chapter 3 that LPCs can form in the absence of 

Hh signalling when cell death is blocked. Therefore, another signal is required 

to specify LPC fate in the OPC. Similarly, Eya, Glial cells missing (Gcm), Gcm2, 

and Tll have been shown to be required for lamina development (Chotard, 

Leung and Salecker, 2005; Piñeiro, Lopes and Casares, 2014; Guillermin et al., 

2015). The expression of Eya, Gcm, Gcm2, and Tll begins on the medial side of 

the lamina furrow and is maintained through to the lamina (Chotard, Leung and 

Salecker, 2005; Piñeiro, Lopes and Casares, 2014; Guillermin et al., 2015).  

While these factors are known to be involved in LPC development, none 

have been shown to be sufficient to specify OPC neuroepithelial cells into LPCs. 

However, their expression patterns suggest that neuroepithelial cells on the 

medial lamina furrow give rise to LPCs. Since the pro-neural wave sweeps 

through the medial OPC to the lamina furrow, is it possible that an opposing 

mechanism specifies LPCs? 
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4.1.4 Study Discoveries 

In this chapter, I investigate how the OPC is subdivided into the lamina 

and medulla processing layers. Firstly, I show that Hh signalling was unable to 

convert all OPC neuroepithelium into LPCs. Secondly, I investigate the 

hypothesis that there is an opposing mechanism to the pro-neural wave that 

specifies LPCs. I found that an ERK signalling border exists in the medial lamina 

furrow such that ERK signalling is ON medially, and OFF laterally through to the 

lamina. Moreover, overexpressing Pnt-P1, a transcriptional activator 

downstream of ERK, can block lamina development. Furthermore, blocking 

EGFR/ERK signalling is sufficient to increase the pool of LPCs in the lamina 

furrow. Finally, I found that Anterior open (Aop) is required for LPC 

specification, thus ERK signalling transcriptional activation must be blocked for 

LPC specification. 
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4.2 Results 

4.2.1 Hh signalling is not sufficient to fully convert OPC 

neuroepithelium to LPCs 

Previously, it had been shown that activation of the Hh pathway was 

able to rescue lamina development in eyeless mutants (Zhen Huang and Kunes, 

1996; Z. Huang et al., 1998). However, Hh signalling activation was not 

sufficient to induce LPC formation on the medial side of the lamina furrow 

(Zhen Huang and Kunes, 1996; Z. Huang et al., 1998). I first confirmed that Hh 

signalling was not sufficient to convert the OPC neuroepithelium into LPCs. To 

do this, I induced large ptcS2 mutant clones. In cells mutant for ptc, Smo 

inhibition is lost, and thus, Ci is not cleaved to its repressor form. Thus, cells 

mutant for ptc experience the maximum physiological levels of Hh pathway 

activity. Compared to the control, where the onset of Dac expression begins on 

the lateral side of the lamina furrow (N=10; Figure 4.2A), in ptcS2 mutant 

clones encompassing the whole lamina furrow, the onset of Dac expression 

began on the anterior side of the lamina furrow (N=7; Figure 4.2B). To quantify 

the location for the onset of Dac expression, the most proximal cell in the 

lamina furrow was assigned a value of 0. Cells on the lateral side of the lamina 

furrow were assigned 1, 2, 3 etc, and those medial, -1, -2, -3 etc (white 

numbers; Figure 4.2A). On average, the onset of Dac expression was 1.9±0.6 

in the control (N=10; Figure 4.2A, D) and -3.0±1.3 in ptcS2 clones (N=10; 

Figure 4.2B, D; Mann Whitney U test, P<0.0001). Therefore, ectopic activation 
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of the Hh signalling pathway was not sufficient to specify all OPC 

neuroepithelial cells into LPCs. 

I investigated whether the lamina furrow develops normally when Hh 

signalling is blocked. In hhts2 mutants which had been shifted to the non-

permissive temperature, while photoreceptor and lamina development was 

blocked, the lamina furrow was still present (N=10; Figure 4.2C). More 

specifically, the proximal cells up to position 2 were still present (N=10; Figure 

4.2C). This was interesting since I had shown that the most proximal cells were 

able to express Dac in ptcS2 clones. This suggests that neuroepithelium which 

have the capacity to become LPCs are still present. This indicates that Hh 

signalling does not make neuroepithelium capable of becoming LPCs. 
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Figure 4.1: Multiple biochemical pathways are involved in OPC 

neuroepithelium development. (A) Schematic of the EGFR/ERK pathway. 

(B) A schematic depicting the eye disk, lamina and medulla development and 

during the third larval instar. Photoreceptors are born in the eye disc and 

project axons to the optic lobe and secrete Hh, controlling lamina formation on 

the posterior side of the lamina furrow. EGFR/ERK/Notch signalling are the main 

regulatory pathways for the progression of the pro-neural wave. 

Neuroepithelium are converted to neuroblasts, which divide asymmetrically to 

produce a ganglion mother cell, which gives rise to medulla neurons and glia. 
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Figure 4.2: Hyperactivation and blockage of the Hh signalling pathway 

in the lamina furrow. (A) A wild-type optic lobe stained for E-Cadherin (E-

Cad – yellow), Dachshund (Dac – magenta), and Horseradish peroxidase (HRP 

– cyan). Numbers indicate assigned positions within the lamina furrow, where 0 

is always the most proximal neuroepithelium. (B) A ptcS2 mutant MARCM clone 

encompassing the entire lamina furrow. Within the ptcS3 mutant clone, the 

onset of Dac expression occurred prematurely. (C) A hhts2/hhts2 optic lobe 

shifted to the non-permissive temperature before photoreceptor development, 

such that no photoreceptors or lamina develop. The lamina furrow is still 

present in the absence of photoreceptors and therefore Hh signalling.  (D) 

Quantification of the onset of Dac expression in the wild-type (Canton S) and 

ptcS2 mutant MARCM clones (Mann Whitney U test, P<0.0001). Scale bar = 

20µm. 
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4.2.2 An ERK signalling boundary is present in the lamina furrow.  

The subdivision of epithelial bodies into different organ primordia often 

involves opposing mechanisms which help specify organ regions. In the wing 

disc, Wg and Vn oppose each other which specifies the wing blade and body 

wall respectively (Ng et al., 1996; Baonza, Roch and Martin-Blanco, 2000). In 

the eye-antennal disc, EGFR and Notum signalling antagonise each other to 

specify the antenna and eye regions respectively. OPC neuroepithelial cells give 

rise to both Deadpan-expressing medulla neuroblasts (cyan; Figure 4.3A) and 

Dac-expressing LPCs (magenta; Figure 4.3A). I hypothesised that medulla 

development and lamina development occur in opposition with each other. 

Does blocking the pro-neural wave result in ectopic LPCs or favour 

lamina development?  

Medulla development is driven by a proneural wave, the progression of 

which relies upon EGFR/ERK signalling (Figure 4.3B). By using pntP1-Gal4, I 

examined the expression pattern of pntP1 which is expressed downstream of 

ERK signalling (Figure 4.3B - C). Furthermore, by using antibodies for 

phosphorylated ERK (which marks activated ERK) and Aop (a repressive 

transcription factor inhibited by the ERK pathway), I sought to reveal which 

cells had active ERK signalling and inactive ERK signalling (Figure 4.3C). I 

observed that the expression of pntP1 and pERK staining overlapped (pntP1 – 

Blue line; pERK – white lines; Figure 4.3C). Fascinatingly, I observed a 

boundary between pERK and Aop stains such that pERK (and pntP1) was 

present in medial neuroepithelium, and Aop was present in the rest of the 
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neuroepithelium and maintained through to the lamina (Figure 4.3C - D). Thus, 

since Aop is a transcriptional repressor as part of the ERK signalling pathway, 

this shows that ERK signalling must be inactive during LPC specification (Figure 

4.3D). Therefore, I hypothesised that blocking ERK signalling would positively 

regulate LPC development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

150



Aop

AopPnt-P1
ERK ON ERK OFF

pnt-P1

ERK signalling

C’’’

Aop

C’’

pERK

C’

GFP

C pnt-P1> 
CD8::GFP

GFP
pERK
E-Cad
Aop

C’’’’ D

E-Cad

EGFR/Notch

Hh

B

Pnt

Pnt

EGFR
EGFR

Aop

P

P
P

P
P

Rl

P
Ras85D

Sos

Ras85D

A Canton S

Dpn
E-Cad
Dac

Grb2

P

Raf

distal

proximal
medial lateral

151



Figure 4.3: A border between ERK signalling occurs in the anterior 

lamina furrow. (A) A wild-type optic lobe stained for Deadpan (cyan) which 

reveals neuroblasts which give rise to the medulla neuropil, E-Cad (yellow), and 

Dac (magenta). (B) Left - The neuroepithelium of the OPC gives rise to both 

the medulla, on the anterior side of the lamina furrow and the lamina, on the 

posterior side of the lamina furrow. To date, the main pathways that drive the 

proneural wave of medulla development are EGFR and Notch, and that of 

lamina development is Hh. Right – Schematic of the EGFR pathway. (C) 

Expression pattern of pnt-gal4 (overexpressing CD8::GFP - cyan), Aop 

(magenta) and phosphorylated ERK (pERK – white). The lamina furrow is 

outlined with a white, dashed line. Each stain is show on its own in and its 

expression pattern marked with a coloured line (C’) pnt-gal4 (blue line), (C’’) 

Aop (pink line), (C’’’) pERK (white lines). (D) A schematic revealing the state 

of ERK signalling in the lamina furrow. PntP1 is expressed anteriorly in pERK-

positive neuroepithelium. In the anteriorly adjacent cells, Aop expression begins 

and is maintained through to the lamina. In fact, the localisation of Aop 

becomes more nuclear through to the lamina. Scale bars = 20µm.  
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4.2.3 Disrupting and overexpressing ERK pathway components 

exerts positive and negative responses in LPC specification 

respectively. 

I sought to directly test the role of EGFR and subsequent ERK signalling 

in LPC specification. To do this, I used pxb-Gal4 to over express a dominant-

negative version of EGFR, EGFRDN, and a constitutively active version of Aop, 

aopACT. In the control, there were 14.8±2.3 LPCs per slice in the posterior 

lamina furrow (N=10; Figure 4.4A, E). I noticed that overexpression of EGFRDN 

and aopACT resulted in an increase in the number of LPCs on the lateral side of 

the lamina furrow to 18.9±2.6 and 21.3±4.1 LPCs per slice, respectively (N=9; 

Figure 4.4B, C, E; Kruskal-Wallis test, P<0.0001). Thus, blocking EGFR 

signalling led to an increase in LPC specification.  

Next, I mis-expressed aopRNAi which is akin to ERK signalling activation. 

Surprisingly, mis-expression of aopRNAi resulted in a complete block in lamina 

development within the pxb-expressing domain (N=12; Figure 4.4D, E; Kruskal-

Wallis test, P<0.0001). This drastic result further supports the hypothesis that 

negative regulation of the ERK signalling pathway is required for LPC 

specification. 
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Figure 4.4: Overexpression of Aop favours lamina development, 

blocking Aop expression blocks lamina development. (A - D) 

Overexpression of (A) CD8::GFP, (B) EGFRDN, (C) aopACT, and (D) aopRNAi 

under the control of pxb-Gal4. When EGFRDN and aopACT were expressed in the 

lamina furrow, GFP expression in the medulla neuroblasts is lost compared to 

the control. Furthermore, the neuroepithelium and neuroblast morphology was 

severely disrupted such they are no longer visible compared to the control. In 

contrast however, the Dac-expressing population of LPCs appeared larger 

compared to the control. Fascinatingly, when aopRNAi was overexpressed in the 

lamina furrow, the lamina furrow and lamina were completely lost. The location 

of the youngest photoreceptors is marked by a white, dashed line, thus any 

cells anterior to this line are within the lamina furrow/pre-assembling domain. 

(E) Quantification of the number of Dac positive cells in the posterior side of 

the lamina furrow including the pre-assembling domain. Upon overexpression of 

EGFRDN and aopACT, the number of Dac-positive cells in the posterior lamina 

furrow significantly increased (Kruskal-Wallis test, P<0.0001). When aopRNAi 

was overexpressed in the lamina furrow, no Dac-positive cells were recovered 

in the lamina furrow since no furrow formed (Kruskal-Wallis test, P<0.0001). 

Scale bar = 20µm. 
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4.2.4 Blocking ERK signalling and apoptosis is sufficient to induce 

ectopic LPC formation 

Through the mis-expression of EGFR-DN, AopACT, and AopRNAi, I showed 

that ERK signalling activity negatively regulated LPC formation. However, I 

noticed that there were fewer neuroepithelial cells in the medial region of the 

OPC when EGFR/ERK signalling was blocked compared to the control (N=9; 

Figure 4.4A-C, E). ERK signalling is known to be required for cell survival in 

other contexts (Domínguez, Wasserman and Freeman, 1998; Brown and 

Freeman, 2003; Crossman, Streichan and Vincent, 2018). Therefore, I 

hypothesised that by blocking EGFR/ERK signalling, cell death was induced.  

To test this, I overexpressed aopACT in dronc[I24] mutant MARCM clones 

to block cell death. Interestingly, inducing dronc[I24] mutants overexpressing 

aopACT resulted in ectopic Dac-positive cells in medulla regions (white, dashed 

outlines; N= 17 clones; Figure 4.5A-C). Furthermore, Dac expression levels 

were lower than that of wild-type lamina tissue (white, dashed outlines; N= 17 

clones; Figure 4.5A-C). This suggests that while ectopic Aop activation could 

induce ectopic Dac expression, the full expression of Dac required another cue. 

When I mis-expressed aopRNAi using pxb-Gal4, lamina development was 

completely blocked (N=12; Figure 4.4D). Furthermore, the lamina furrow was 

lost (N=12; Figure 4.4D). One hypothesis was that blocking aop expression, 

akin to hyperactivating ERK signalling, led to accelerated pro-neural wave 

progression, prior to expansion of the OPC neuroepithelium population. To 

confirm whether blocking aop expression blocked lamina development I induced 
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aopEX18 mutant MARCM clones. Very few aopEX18 mutant clones incorporated 

into the lamina. When a clone was present within the lamina region, none of 

the incorporated cells were Dac-positive (N=9 clones; Figure 4.5D). I 

hypothesised that these cells were glia, and thus did not interpret any lamina 

defects associated with these instances. In all other cases, aopEX18 mutant 

clones only incorporated into the medulla (N=14 clones; Figure 4.5E-F). Thus, 

these data support the hypothesis that Aop is required for lamina development. 

Without Aop, LPC specification is unable to occur, thus I conclude that Aop 

induces LPC specification in the OPC neuroepithelium. Lastly, aopEX18 mutant 

MARCM clones always incorporated within the medulla or lamina glial 

populations and were observed in the OPC neuroepithelium rarely (N=2/16 

clones, Figure 4.5F). This shows that aopEX18 mutant clones within the OPC 

must have accelerated through their development quickly.  
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Figure 4.5: Overexpression of AopACT causes ectopic LPC formation. (A 

- C) Lateral (A) and cross-sectional (B - C) views of overexpression of aopACT 

in dronc[I24] mutant MARCM clones. When aopACT was overexpressed in 

dronc[I24] clones, ectopic Dac-expressing cells were recovered in medulla 

regions. (A) A Lateral view proximal to the lamina revealing clones in the 

medulla which express Dac. While ectopic Dac-expressing cells were recovered 

in medulla regions, the expression of Dac was lower than that of wild-type 

LPCs. Clones are outline with a white, dashed line. (D – F) Lateral (D - E) and 

cross-sectional (F) views of aopEX18 mutant MARCM clones. (D) An aopEX18 

mutant MARCM clone which is located within the lamina. No Dac-positive cells 

are incorporated into the clone. It is unclear whether these cells are glia or mis-

specified LPCs. (E) Most aopEX18 mutant MARCM clones were recovered in the 

medulla. (F) A cross-sectional view of aopEX18 mutant MARCM clones which 

were recovered in medulla regions. Scale bars - lateral views (A) = 40µm; (D - 

E) = 40µm; (B – C) = 20µm; (F) = 20µm. 

 

 

 

 

 

159



4.2.5 Blocking ERK signalling and activating Hh signalling is 

sufficient to induce ectopic LPC formation 

Since I had showed that Hh signalling acts as a survival cue during 

lamina development and that Hh signalling is required for the full expression of 

Dac, I predicted that inducing ptcS2 MARCM clones whilst simultaneously 

blocking EGFR/ERK signalling would result in ectopic LPCs with full expression 

of Dac. 

To do this I mis-expressed rlRNAi in ptcS2 mutant clones. I observed an 

expansion of the Dac-expressing population of LPCs in the lateral side (white, 

dashed outlines; N=6/19; Figure 4.6A - B). Furthermore, at a low rate, ectopic 

Dac-positive cells were recovered in clones either in the anterior side of the 

lamina furrow or within the medulla (NAnterior=4/19 clones; NMedulla=2/19; Figure 

4.6C-E). These data indicate that blocking the expression of ERK and 

concurrent Hh signalling hyperactivation induces ectopic LPCs. 

I predicted that hyperactivating the EGFR/ERK pathway in ptc mutant 

MARCM clones would block LPC development. To test this, I overexpressed 

pntP1 in ptcS2 mutant clones. Clones in close proximity with the lamina were 

always associated with a block in lamina development (white, dashed outline; 

N=12; Figure 4.6F). Furthermore, ptcS2 mutant clones expressing pntP1 were 

also associated with a loss of either the whole or lateral side of the lamina 

furrow (N=11/12 clones; Figure 4.6G). Moreover, no Dac-positive cells were 

present in these cases (N=11/12 clones; Figure 4.6G).  
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To determine the effect on LPC number each perturbation had, I 

quantified the number of Dac-positive cells per slice on the lateral side of the 

furrow for the wild-type, ptcS2, and ptcS2 expressing rlRNAi clones encompassing 

the lamina furrow, and ptcS2 clones expressing pntP1 close to the lamina (Figure 

4.6H). I found that, in the wild-type there are 14.2±2.2 LPCs in the posterior 

lamina furrow, however in ptcS2 clones, there was a significant increase in the 

number of LPCs on the posterior side of the lamina furrow to 23.9±3.7 (N=10; 

Figure 4.6H; Mann-Whitney test, P<0.0001). Furthermore, compared to ptcS2 

clones, mis-expressing rlRNAi in ptcS2 clones led to a further significant increase 

in the number of Dac-positive cells in the posterior lamina furrow to 29.2±5.8 

cells per slice (N=6; Figure 4.6H; Dunn’s test, P<0.01). No Dac-positive cells 

were present in the posterior side of the lamina furrow when ptcS2 clones 

expressing pntP1 were induced due to a complete or partial loss of the lamina 

furrow (N=9; Figure 4.6H; Dunn’s test, P<0.0001).  

Overall, these data show that blocking ERK signalling in ptcS2 mutant 

clones results in positive regulation of LPC specification, whereas 

hyperactivating ERK signalling blocked LPC specification. This strongly supports 

the hypothesis that ERK signalling must be switched off to specify LPCs in the 

lamina furrow neuroepithelium. 

In Chapter 1, I found that Dac expression could be rescued in the 

absence of Hh signalling by blocking cell death. However, the level of Dac 

expression was less than that of wild-type tissue. In the ERKRNAi-expressing 

ptcS2 mutant MARCM clones which produced ectopic LPCs, the expression levels 

of Dac resembled that of the wild-type lamina tissue. Thus, I hypothesise that 

161



both Aop and Hh are synergistically required to attain maximum levels of Dac 

expression during LPC development.  
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Figure 4.6: Blocking ERK signalling in ptcS2 clones favours LPC 

development, while activating blocks LPC development. (A - E) Multiple 

views of the various phenotypes that inducing ptcS2 mutant MARCM clones 

which overexpress rlRNAi. (A) A lateral view of a ptcS2 clone which expressed 

rlRNAi and resulted in an increase in the number or LPCs in the pre-assembling 

domain of the lamina furrow. Clone is outlined with a white, dashed line. (B) A 

cross-section of a ptcS2 clone which expressed rlRNAi and resulted in an increase 

in the number or LPCs in the pre-assembling domain of the lamina furrow. The 

location of the youngest photoreceptors is marked by a white, dashed line, thus 

any cells anterior to this line are within the lamina furrow/pre-assembling 

domain. (C) A lateral view of a ptcS2 clone which expressed rlRNAi and resulted 

in ectopic expression of Dac. (D) A cross-sectional view of a ptcS2 clone which 

expressed rlRNAi and resulted in ectopic expression of Dac in the anterior lamina 

furrow where Dac would not normally be expressed. (E) A cross-sectional view 

of a ptcS2 clone which expressed rlRNAi and resulted in ectopic expression of Dac 

in the medulla where Dac would not normally be expressed. (F - G) Lateral (F) 

and cross-sectional (G) views of the various phenotypes that inducing ptcS2 

mutant MARCM clones which overexpress pntP1. Clones associated with the 

lamina furrow or nearby result in loss of the lamina in the vicinity of the clone. 

(H) Quantification of the number of Dac-positive cells in the posterior side of 

the lamina furrow including the pre-assembling domain. The number of Dac-

positive cells increased in ptcS2 MARCM clones compared to the wild-type 

(Mann-Whitney test, P<0.0001). Compared to ptcS2 clones, overexpression of 

rlRNAi led to a significant increase in the number of Dac-positive cells in the 
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posterior lamina furrow (Dunn’s test, P<0.01), whereas overexpression of PntP1 

resulted in a significant decrease to zero Dac-positive cells (Dunn’s test, 

P<0.0001). Scale bars - lateral views (A, C) are the same scale: 40µm; cross-

sections (B, D, E) are the same scale: 20µm; (F) = 40µm (G) = 20µm. 
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4.3 Discussion 

To date, each study that discovered a factor required for LPC specification 

involved blocking its expression or function (Chotard, Leung and Salecker, 

2005; Piñeiro, Lopes and Casares, 2014; Guillermin et al., 2015). However, no 

biochemical pathway/signal had been found which also induces ectopic, Dac-

expressing LPCs.  

In this chapter, I set out to investigate whether an opposing mechanism 

to the pro-neural wave specified OPC neuroepithelial cells as LPCs. I showed 

that blocking the EGFR/ERK signalling pathway favoured lamina development, 

whereas hyperactivation of the pathway blocked lamina development. 

Fascinatingly, Blocking the expression of aop completely blocked lamina 

development. Furthermore, no Dac-expressing LPCs were recovered in clones 

mutant for aopEX18. Excitingly, overexpressing a constitutively active version of 

Aop in dronc[I24] MARCM clones led to ectopic Dac-expressing LPCs in the 

medulla. The same result occurred when blocking ERK signalling in ptcS2 mutant 

MARCM clones. Nevertheless, this data suggests that blocking ERK signalling 

concurrently with hyperactivating Hh signalling led to ectopic LPCs.  

A major consideration with this data is that the only LPC marker I have 

used is Dac. One interpretation of this data could be that AopACT capable of 

inducing Dac expression in the medulla. Thus, to be sure that ectopic lamina 

was induced in the medulla regions when AopACT or rlRNAi was overexpressed, 

the expression of other LPC markers including Gcm, Eya, and Tll must be 

investigated. 
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4.3.1 Why does pxb-Gal4 controlled blockage of EGFR/ERK 

signalling result in increased lateral LPC, but not ectopic LPCs? 

Why do ectopic LPCs not form when blocking EGFR/ERK signalling under 

the control of pxb-Gal4? I hypothesise that blocking the activity of EGFR/ERK 

signalling results in cell death in the OPC. Indeed, in these experiments, the 

medial region of the OPC is reduced, such that only neuroepithelial cells which 

are associated with the lamina furrow remain. Furthermore, ERK signalling has 

been shown to be required for cell survival in other contexts (Domínguez, 

Wasserman and Freeman, 1998; Brown and Freeman, 2003; Crossman, 

Streichan and Vincent, 2018). How does increased cell death result in a greater 

population of LPCs? Since blocking ERK signalling blocks the progression of the 

pro-neural wave, it is conceivable that more neuroepithelium are available to be 

able to become LPCs since less have active ERK signalling. A key experiment 

would be to carry out a Dcp-1 stain to confirm that cell death occurs in the OPC 

when blocking EGFR/ERK signalling.  

The clonal data would be improved by also inducing rlRNAi and pntP1 alone 

in MARCM clones. One possibility that cannot be ruled out is that the effects of 

rlRNAi and ptcS2 mutation are additive. It is not possible to tell without inducing 

clones expressing rlRNAi and pntP1 only. 
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4.3.2 How does ERK signalling inactivation fit with the Hh survival 

model of lamina development? 

In this chapter and the previous chapter, I propose radical changes to 

the lamina development model. Overall, I posit a model whereby Aop is 

expressed in the OPC neuroepithelium thus initiating LPC specification. 

EGFR/ERK signalling, as has been previously demonstrated, drives the pro-

neural wave and as such causes Aop to be shuttled from the nucleus of each 

subsequent neuroepithelial cell the proneural wave passes. Since blocking 

EGFR/ERK signalling results in cell death in other contexts (Domínguez, 

Wasserman and Freeman, 1998; Brown and Freeman, 2003; Crossman, 

Streichan and Vincent, 2018), I propose that ERK signalling must be inactive 

during LPC specification, which leaves LPCs susceptible to cell death which is 

alleviated via Hh signalling. Furthermore, I also put forward the hypothesis that 

while blocking ERK signalling can result in ectopic Dac expression, endogenous 

Dac expression levels require Hh signalling as well.  

Why, then, does the onset of Dac expression not begin in more anterior 

regions of the lamina furrow in the wild type? One explanation for this is that 

the expression of the dac gene may be activated on the lateral side of the 

lamina furrow, but it is only translated on the posterior side to protein. To date, 

only antibodies have been used to localise Dac, thus, it is unknown whether dac 

is expressed on the anterior side of the lamina furrow. An enhancer trap for the 

dac3EE enhancer has been used to study lamina development, but its 

expression in the lamina furrow was not shown (Piñeiro, Lopes and Casares, 
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2014). Future experiments that investigate dac expression using in situ 

hybridisation may offer an answer.  

Another explanation could be that the localisation of Aop becomes more 

nuclear in neuroepithelial cells closer to the lamina (Figure 4.3C). Since Aop 

must be nuclear to exert its repression of transcription, this may indicate that 

there is a threshold of ERK signalling inhibition which results in Dac expression. 

Therefore, this model would suggest that the threshold of ERK signalling 

inhibition only reaches the correct threshold for Dac expression on the lateral 

side of the lamina furrow. One way to test this would be to increase, but not 

fully activate, ERK signalling levels, to see if the onset of Dac expression occurs 

more laterally. 

 

4.3.3 Could Notch signalling contribute to lamina development? 

Notch signalling is highly conserved and relies upon direct cell contact 

between interacting cells. The Notch receptor binds to cell surface ligands Delta 

and Serrate (Bray, 2006). Upon binding, the Notch receptor undergoes 

proteolysis leaving a truncated, cytoplasmic form of Notch called Notch 

intracellular domain (Nicd) (Bray, 2006). Nicd translocates to the nucleus and 

participates in transcriptional regulation of target genes (Struhl and Adachi, 

1998). In the eye-antennal disc, the antagonism between EGFR and Notch 

signalling determines the specification of the eye and antenna (Kumar and 

Moses, 2001; Kenyon et al., 2003). One way in which Notch signalling 

antagonises EGFR signalling is through the expression of Ato. Ato is required for 
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the expression of Rhomboid, which is required for Spi release. Notch-mediated 

lateral inhibition limits the expression of Ato, thus limits Rho expression and Spi 

release and subsequent EGFR activation.  

It would be interesting to study the involvement of Notch signalling in 

lamina development. Since Notch antagonises EGFR signalling in the eye disc 

and delays the progression of the pro-neural wave in the OPC, it is conceivable 

that Notch signalling plays a positive role in lamina development. Notch activity 

may be involved in facilitating the inhibition of EGFR/ERK signalling in the 

lamina furrow to induce LPC specification. To test this, one could mis-express a 

constitutively active version of Notch or Nicd to see if this results in an increase 

in LPC production. Furthermore, this could be done in ptcS2 mutant MARCM 

clones to see if ectopic LPCs are generated. 
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Chapter 5 – A gradient of Hh signalling specifies 

lamina precursor cell identities 

5.1 Introduction 

In this chapter, I investigate the mechanism by which lamina neurons are 

patterned such that 5 neuronal subtypes (L1-L5s) are generated from LPCs. I 

showed that a Hh signalling gradient plays an essential role in patterning LPCs, 

in a similar way to the ventral neural tube in vertebrates. Furthermore, I 

showed that photoreceptors, as the only source of Hh, set up a Hh morphogen 

gradient in their target field to pattern lamina neurons. 

 

5.1.1 The French Flag model of morphogen gradients. 

Lewis Wolpert’s ‘French Flag problem’ is the original investigation which 

led to the influential discovery that morphogens convey positional information 

for regional identity in a dose-dependent manner (Wolpert, 1969, 1989, 1996; 

Sharpe, 2019). A morphogen is defined as a substance that is distributed in a 

graded manner which causes distinct responses in a dose-dependent manner. 

In the widely accepted model, a theoretical tissue is divided into three domains 

(corresponding to a French flag) based on the level of activity of said 

morphogen’s pathway activity. The morphogen is secreted from a localised 

source and distributes through the tissue such that the concentration of the 

signal decreases with increasing distance away from its source. Cells have 

different responses to the morphogen at different thresholds of concentration, 
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thus setting up tissue patterning (Dessaud, McMahon and Briscoe, 2008). 

Furthermore, the duration of signalling has also been shown to pay a role in 

differential morphogen activity (Harfe et al., 2004; Ribes and Briscoe, 2009). 

The formation of a morphogen gradient thus depends on morphogen 

production and secretion, signal propagation through tissue, duration of 

morphogen binding to receptor, and signal degradation/deactivation. 

 

5.1.2 Does Hh signalling participate in late lamina development? 

Hh and Shh are well-known morphogens which pattern tissues in 

vertebrates and invertebrates. Two well-characterised examples where Hh 

morphogen gradients pattern tissues are the vertebrate ventral neural tube and 

the Drosophila melanogaster wing disc (See Section – 1.5).  

Lamina development comprises multiple stages: LPC specification, cell-

cycle progression, terminal divisions, column formation, differentiation and 

circuit formation (Zhen Huang and Kunes, 1996; Huang, Shilo and Kunes, 1998; 

Z. Huang et al., 1998; Nern, Zhu and Zipursky, 2008; Chen, 

Del Valle Rodriguez, et al., 2016; Fernandes et al., 2017; Peng et al., 2018; 

Rossi and Fernandes, 2018; Prasad et al., 2022). However, the role of Hh 

signalling has only been studied in the context of early lamina development. In 

previous chapters I re-visited the role of Hh signalling during early lamina 

development and found that Hh is required as a survival signal during early 

lamina development.  
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Is it possible that Hh signalling is active and participates in late lamina 

development? Indeed, it is known that a reporter of Hh signalling, ptcAT96 

(lacZ), is expressed in lamina glia which have incorporated into lamina columns 

(Zhen Huang and Kunes, 1996; Z. Huang et al., 1998), thus it is possible that 

Hh signalling is active during late lamina development.  

 

5.1.3 Possible models for lamina neuron patterning 

A previously unevaluated aspect of lamina development is the 

specification of 5 distinct lamina neuron subtypes, L1-L5 neurons. One 

hypothesis is that lamina neuron specification is dependent on the 

differentiation of LPCs into lamina neurons. Lamina neuron differentiation 

occurs in response to a glial relay, where photoreceptors release Spitz (EGF) 

which is received by wrapping glia and giant glia and respond by activating ERK 

signalling in LPCs. ERK signalling activity induces neuronal differentiation as 

determined by the expression of Elav. Wrapping glia morphogenesis regulates 

the timing of L1-L4 differentiation, such that as they project into the lamina, 

they induce the differentiation of each subsequent LPC (L2, L3, L1 and L4, in 

that order). Giant glia respond to photoreceptor derived Spi, by expressing and 

secreting Spi which activates ERK signalling in L5s which has the dual function 

of inducing differentiation. It is possible that specification occurs after LPCs 

differentiate. According to this model, each of the five lamina neuron identities 

are assigned after or at the point of differentiation and thus relies on the 

specific temporal and spatial cues from the wrapping and giant glia. 
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Previously, by employing lineage tracing experiments, Suzuki et al. 

suggested that a subset of Bsh-positive lamina neurons originated from the 

Wingless-expressing domain of the outer proliferation centre neuroepithelium 

(Suzuki, Hasegawa, et al., 2016). This suggested that Bsh-positive lamina 

neurons are patterned based on having a unique origin. Thus, one possibility is 

that the lamina neurons have different developmental origins which defines 

their cell fate. 

 

5.1.4 Study Discoveries 

Here, I present evidence that Hh signalling activity is graded in lamina 

columns before differentiation. Moreover, I found that there is an 

accompanying Hh protein gradient which matches the pattern of Hh pathway 

activity. Furthermore, by genetically hyperactivating or reducing Hh pathway 

activity either autonomously or by directly targeting the Hh protein, I showed 

that different levels of Hh signalling activity specify LPCs with distinct identities.  

This is highly similar to the ventral neural tube in vertebrates, where a Sonic 

Hedgehog morphogen gradient specifies progenitor cell identities (Dessaud, 

McMahon and Briscoe, 2008). This is the first example of neurons from one 

neural field setting up a morphogen gradient to pattern cell identities in a 

distant target field. 
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5.2 Results 

I began by investigating the possible models which explain when lamina 

neuron specification occurs. Either they have different developmental origins or 

specification occurs in a temporal order with differentiation. 

 

5.2.1 L1-L5 neurons share a common developmental origin 

Previous reports suggest that Bsh-expressing lamina neurons originate 

from a gliogenic region of the outer proliferation centre (Suzuki, Hasegawa, et 

al., 2016). This would suggest that L4/L5 neurons would have a different origin 

to the L1-L3 neurons, which could explain how multiple lamina neuron types 

are specified. To address whether lamina neurons shared a common 

developmental origin, I used the MARCM system as a lineage tracing tool by 

taking advantage of permanent GFP expression in whole cell lineages. Clones 

were induced with a 1 hr heat shock 1 day post egg-laying, which generated 

~1 clone per lamina (white outline; N=16; Figure 5.1A). In each case, full 

lamina columns were recovered within the same MARCM clones (white outline; 

N=16; Figure 5.1B-C). This confirmed that all lamina neuron types were related 

by lineage. Thus, I concluded that L1-L5 neurons shared the same 

developmental origin and were not pre-patterned based on origin. 
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Figure 5.1: MARCM lineage tracing of 3rd larval instar lamina precursor 

cells. Neutral mitotic clones were induced 2 days after egg laying, during the 

second larval instar, one per lamina (See Materials and Methods).  (A) A lateral 

view of an optic lobe with a single wildtype MARCM GFP positive clone (dashed 

line) stained for GFP (cyan), Dac (magenta) and Elav (yellow). (B) A cross-

sectional view through the clone shown in (A – straight dashed line) shows 

LPCs and all L-neuron types included in the clone (dashed line), indicating that 

all LPCs, which differentiate into L1-L5 are generated in the same way from the 

lamina furrow. Scale bar = 20µm. 
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5.2.2 L1-L5 specification occurs before differentiation 

Since I showed that lamina neurons share a common developmental 

origin, I next investigated whether the specification of lamina neurons was 

dependent on their differentiation. 

To investigate this, a PhD student, Anadika Prasad, used a lamina-

specific Gal4 (27G05-Gal4) to overexpress PntP1, a transcription factor 

downstream of the MAPK cascade which controls lamina differentiation. 

Normally, differentiation occurs in a triangular front of L1-L4 neurons and a row 

of L5 neurons due to spatial, glial-derived cues (Figure 5.2A, N=10). However, 

upon overexpression of PntP1, premature lamina differentiation was induced, 

where all LPCs expressed the pan-neuronal marker, Elav, in lamina columns 

(Figure 5.2B, N=10). Using antibodies for the subtype-specific markers: Bsh, 

Slp2, and Svp, it is possible to reveal the patterning within the lamina (N=10; 

Figure 5.2C). L2/3 neurons express Slp2, L1 neurons express Svp and Slp2, L4s 

express Bsh, and L5s express Bsh and Slp2 (N=10; Figure 5.2C). Strikingly, 

when Pnt-P1 was overexpressed in the lamina, the subtype-specific markers 

retain their normal patterning (N=10; Figure 5.2D; Slp2 is expressed in the 

distal lamina, Svp below, and Bsh in the proximal lamina). Therefore, inducing 

premature differentiation does not result in aberrant specification. This suggests 

that LPCs are pre-patterned before differentiation occurs.  

Overall, I showed that LPCs are related by lineage and that lamina 

neuron specification is not dependent on differentiation. Thus, I hypothesised 

that pre-patterning must occur after their terminal division and before 
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differentiation. This developmental timepoint corresponds to the point of 

column formation. When looking at fixed tissue, this would correspond to the 

most medial (youngest) lamina columns. 
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Figure 5.2: Lamina neuron specification occurs before differentiation. 

(A - C) Lamina-specific mis-expression of (A, C) CD8::GFP (control) and (B, 

D) PntP1, (C) labelled with (A, B) Elav (yellow) and HRP (white) and lamina 

neuron-type-specific markers Slp-2 (cyan), Bsh (yellow). (A, C) The pattern of 

differentiation (Elav-expression) and Slp-2 and Bsh expression was the same as 

the wildtype. Upon lamina-specific mis-expression of (B, D) PntP1, LPCs 

prematurely differentiated, such that the triangular pattern of L1-L4 

differentiation was lost. However, the pattern of Bsh and Slp2 expression 

remained in their wild-type distal to proximal locations. Images and 

experiments carried out by Anadika Prasad, PhD candidate in the Fernandes 

lab. Scale bar = 20µm. 
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5.2.3 Single-cell RNAseq data reveals a divergence in lamina 

development 

To gain an insight into how lamina neuron patterning may occur, I 

integrated published single cell RNA sequencing datasets covering multiple 

timepoints spanning lamina development (Kurmangaliyev et al., 2020; 

Konstantinides et al., 2021; Özel et al., 2021) and used uniform manifold 

approximation and projection (UMAP) visualisations to analyse them (Figure 

5.3A-C). The UMAP consisted of cell clusters which were connected via streams 

of individual cells (one cell is represented by one data point). These streams are 

thought to correspond to intermediate states between progenitor cells and their 

differentiated counterparts (Konstantinides et al., 2021). I identified the lamina 

clusters by probing the expression of lamina markers: dac, eya, tll, gcm, and 

aop (Figure 5.4A-J; lamina clusters contained within dashed box). Overall, since 

the expression of Tll and Aop are restricted to undifferentiated LPCs in vivo 

(Figure 5.4F and J), I concluded that the lower cluster corresponded to LPCs 

and the upper clusters corresponded to differentiating lamina neurons (Figure 

5.4K).  
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Figure 5.3: Integration of multiple optic lobe single cell RNAseq 

sources. 

(A) UMAP visualisation of integrated third larval instar, 0 hours-, 12 hours-, 15 

hours- and 24 hours-APF single cell RNA sequencing datasets (Kurmangaliyev 

et al., 2020; Konstantinides et al., 2021; Özel et al., 2021) using 150 principal 

components calculated on the log-normalized integrated gene expression. (B) 

Constitutive single cell RNAseq clusters corresponding to third larval instar and 

15 hours APF (Konstantinides et al., 2021; Özel et al., 2021) with the rest of the 

data denoted ‘Zipursky’ in grey. (C) Constitutive single cell RNAseq clusters 

corresponding to 0 hours-, 12 hours-, and 24hours-APF (Kurmangaliyev et al., 

2020), with the rest of the data denoted ‘Desplan’. 
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Figure 5.4: Identification of lamina clusters in integrated single cell 

RNAseq data. 

Using the Featureplot function in Seurat package 4.0.0, I probed the expression 

of LPC markers. Antibody stains in the wild-type or enhancer trap expression 

patterns are shown adjacently to each Feature plot (LPC marker – cyan). (A – 

B) dac, (C – D) eya, (E – F) tll, (G – H) gcm, (I – J) aop. Dashed rectangle 

outlines the clusters that express each of these markers and thus the lamina 

clusters (zoomed in apostrophe figures). (K) A magnified view of the lamina 

clusters, where LPC and lamina neurons clusters are labelled. LPC clusters are 

connect to lamina neuron clusters via streams which represent intermediate 

developmental states of lamina development. Scale bar = 20µm. 
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To identify clusters that corresponded to each lamina neuron type, I 

investigated the expression of subtype-specific markers: slp2, erm, svp, and 

bsh which are expressed in specific combinations in each lamina neuron 

subtype (Figure 5.5A). The expression of each subtype-specific marker began 

within two branching trajectories (Figure 5.5B-E; Branches labelled A and B in 

Figure 5.5F). By using the combinations of subtype specific marker expression, 

I identified the five lamina neuron clusters (Figure 5.5F). It was remarkable that 

branch A led to the L1-L4 clusters, whereas branch B led to the L5 cluster. This 

suggested that there was a divergence between L1-L4 development and L5 

development. 

 

5.2.4 Hh signalling components are differentially expressed between 

L1-L4s and L5s 

To elucidate the transcriptional differences between L1-L4 and L5 

development, I investigated which genes were differentially expressed within 

the L1-L4 trajectory (Green ‘A’; Figure 5.5F) and the L5 trajectory (Green ‘B’; 

Figure 5.5F). By using the FindMarkers function, I found that genes which are 

typically expressed in response to EGFR and Notch pathways were both 

upregulated and downregulated in each stream (Figure 5.6A). However, only 

genes related to apoptosis and Hh signalling were expressed at lower levels in 

L5s compared to L1-L4s (Figure 5.6A). Previously, the Fernandes lab published 

data that suggested that the giant glia maintain the survival of L5s specifically, 

which could explain why two apoptosis genes – hid, and rpr are downregulated 
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in L5s (Figure 5.6A) (Prasad et al., 2022). The genes related to Hh signalling 

were ptc, sim, zfh-1/2, and rho (Figure 5.6A). Interestingly, these are all well-

established transcriptional targets of the Hh signalling pathway (Chen and 

Struhl, 1996; Umetsu et al., 2006; Biehs et al., 2010; Albert et al., 2018), 

suggesting that Hh signalling levels are reduced during L5 development 

compared to L1-L4s.  
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Figure 5.5: Identification of lamina neuron subtypes. 

Using the Featureplot function in Seurat package version 3, I probed the 

expression of lamina neuron subtype-specific markers. (A) The combination of 

co-expression of these markers for each lamina neuron subtype. Slp-2 alone 

labels L2s and L3s, Bsh alone labels L4s, Svp together with Slp-2 label L1s, and 

Slp-2 together with Bsh label L5s. (B - F) The expression of (B) slp2, (C) erm, 

(D) svp, (E) bsh. (F) Lamina neurons subtypes annotated. L1-L4 development 

diverges into stream A, and L5 development diverges to stream B. 
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Figure 5.6: Probing the transcriptional differences between L1-L4 and 

L5 development. 

(A) By manually selecting the two streams of development, A or B from Figure 

5.5F, I used the Findmarkers function in Seurat 3.0.0, to compare the 

differences in gene transcription between the two streams. I compiled a table 

to show which genes had higher/lower expression in L5s compared to L1-L4s. I 

only considered genes which had been previous annotated to be involved in a 

biochemical pathway and recorded on Flybase. Genes that were involved in 

both Notch and EGFR pathways were expressed and higher and lower levels in 

L5 neurons compared to L1-L4 neurons. However, only genes involved in 

apoptosis or hh signalling were expressed at lower levels in L5 neurons 

compared to L1-L4 neurons. (B - I) I examined the expression of four genes 

that were previously known to be transcriptional readouts of the HH signalling 

pathway, (B - C) ptc, (D - E) sim, (F - G) zfh-1, and (H - I) rho. I generated 

a Feature plot for the expression of each gene and used either enhancer traps 

(ptc-lacZ and rho[w11]-lacZ) or antibody stains (Sim, Zfh-1) to confirm 

expression patterns in the lamina (Hh target gene – cyan; Elav – yellow). Each 

was more highly expressed in the L1-L4 (branch A) branch. Plus ptc-lacZ and 

Sim, were visibly expressed at higher levels in L1-L4s than in L5s. Zfh-1 was not 

expressed in L5s, however had sporadic expression in L1-L4s. rho[w11]-lacZ 

expression was restricted to differentiated L1-L4 neurons. Scale bar = 20µm. 
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When the expression of these genes was visualised as FeaturePlots of 

UMAPs (cropped just to show lamina clusters), the expression of each gene was 

exclusively expressed in the LPC cluster, the ‘A’ branch, and the L1-L4 neurons 

(Figure 5.6A, B, D, F, H). I sought to confirm the RNAseq data with 

immunostaining and used an enhancer trap for ptc and rho (ptc-lacZ and 

rho[w11]-lacZ) and antibodies for Sim and Zfh-1 to check their expression 

within the lamina. Indeed, I found that the fluorescence levels of ptc-lacZ, Sim, 

Zfh-1, and rho[w11]-lacZ were lower in L5 neurons compared to the rest of the 

lamina (white lines label L5 layer; N= 10; Figure 5.6C, E, G, I). Since classic Hh 

transcriptional targets were expressed at lower levels in L5 neurons, this 

suggests that Hh signalling activity is reduced in L5s compared to L1-L4s. 
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5.2.5 Hh signalling activity levels are set up in a distal-to-proximal 

gradient 

To investigate the levels of Hh signalling activity in L1-L5s, I used the 

ptc-lacZ enhancer trap which is the most commonly used reporter for Hh 

signalling activity (Chen and Struhl, 1996; Vied and Kalderon, 2009). 

Consistently with RNAseq data, ptc-lacZ expression decreased in older neurons 

(N=10; Figure 5.6B, 5.7A-B). Importantly, in the youngest lamina columns, 

prior to differentiation, ptc-lacZ expression decreased in a graded fashion from 

distal to proximal regions (N=10; Figure 5.7A-B, quantified with summary 

statistics from a mixed effects linear model). Sim expression showed a similar 

distribution (Figure 5.6D-E; N=12). These data indicate that there is a Hh 

signalling activity gradient in the lamina, with the highest levels in the distal 

lamina and the lowest levels in the proximal lamina. 
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Figure 5.7: A distal-proximal Hh signalling activity gradient exists in 

young lamina columns. 

(A) An optic lobe expressing ptc-LacZ stained for β-Galactosidase (β-Gal; cyan), 

Dac (magenta), Elav (yellow) and HRP (white). (A’’) shows (A’) in pseudo-

colour. Dashed line marks the most proximal surface of the lamina. “x” marks 

the point from which the excess LPCs have been cleared. In young columns, β-

Gal expression decreases along the distal to proximal axis, being lowest in the 

proximal lamina. L5s have the lowest levels of β-Gal, which eventually 

decreases in older L1-L4s. (B) Smoothed (second order with 6 neighbours; See 

Materials and methods) mean fluorescence intensities (MFIs; arbitrary units; 

a.u.) of ptc-LacZ (b-Gal) by distal to proximal cell position as indicated. L5s and 

the excess LPCs began with and maintained the lowest levels of b-Gal 

expression over time. Summary statistics for the raw data in Table 1. Scale bar 

= 20µm.  

Source  F Ratio  Prob > F  

Distance (mm)  7744.904  <.0001  

Cell position  2320.251  <.0001  

(Distance)*(Cell position)  191.2012  <.0001  

Table 1: Mixed effects linear model summary statistics for ptc-lacZ (b-Gal) MFI as a 

function of Distance and Cell position (distal-proximal). In GraphPad Prism8, a moving 

average of 6 neighbours was used to smooth the data. A mixed effects linear model 

was used to test for an interaction between the MFI of ptc-lacZ, the distal-proximal or 

the anterior-posterior cell position. This was done using the JMP program. 
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5.2.6 Hh::GFP is distributed in a gradient in the lamina 

Photoreceptors are the only source of Hh in the optic lobe during the 3rd 

larval instar (N=10; Figure 5.8A) (Zhen Huang and Kunes, 1996). Since Hh 

signalling activity was distributed in a distal-proximal gradient in the lamina, I 

hypothesised that this was due to a photoreceptor-derived Hh protein gradient. 

To test this, I analysed the distribution of a Hh::GFP fusion protein. The hh::gfp 

transgene was engineered by inserting the gfp coding sequence downstream of 

the entire hh gene locus using a Bacterial Artificial Chromosome (Chen et al., 

2017). Previously, it had been shown that a single copy of this construct was 

able to rescue wing defects in hh amorphic mutants (Chen et al., 2017). Firstly, 

Hh::GFP was visible in photoreceptor cell bodies and axons as reported 

previously (N=18; Figure 5.8B) (Zhen Huang and Kunes, 1996). Interestingly, 

Hh::GFP intensity decreased in axons once they reached the lamina (N=18; 

Figure 5.8B-C). However, Hh::GFP puncta were present at high levels in the 

distal lamina and decreased in the proximal lamina (N=18; Figure 5.8C-D). 

Furthermore, I quantified the distal-proximal mean fluorescence intensity (MFI) 

in the youngest lamina columns and fascinatingly observed a gradient of 

Hh::GFP intensity from high to low (N=10; Figure 5.8E). This measurement did 

not distinguish between intracellular/extracellular Hh::GFP. However, the 

distribution of Hh::GFP puncta and MFI indicates that a Hh protein gradient was 

setup in the lamina. This suggests that Hh protein localisation is responsible for 

setting up the activity gradient. 
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Figure 5.8: A Hh protein gradient is setup up by photoreceptors in 

lamina columns. 

(A) An optic lobe of hh-Gal4 driving the expression of CD8::GFP. The only cells 

that express hh-Gal4 are photoreceptors which project to the optic lobe. (B) A 

maximum intensity projection of an hh-sfGFP optic lobe and eye disc complex, 

where hh-sfGFP encodes Hh tagged with super folder GFP. Hh::GFP (cyan) was 

present in photoreceptor cell bodies in the eye disc (Elav, yellow), with higher 

levels in younger photoreceptors as reported previously (Zhen Huang and 

Kunes, 1996) and photoreceptor axons in the optic stalk (HRP; magenta). 

Hh::GFP expression decreases rapidly once photoreceptors enter the lamina 

(brackets). (C) A maximum intensity projection of a hh-sfGFP lamina oriented 

to view the lamina in cross-section. Hh::GFP puncta were visible more 

prominently in the distal lamina, with fewer and smaller puncta appearing in 

proximal regions. (D) Quantification of the distal-proximal distribution of 

Hh::GFP puncta in the youngest two lamina columns (dashed outline in (C)). 

Most Hh::GFP puncta are in distal regions of the lamina with decreasing puncta 

in more proximal regions. (E) Mean fluorescence intensity (MFI) plots 

normalised to the maximum MFI value for each plot (arbitrary units; a.u.) of 

Hh::GFP as a function of distance from distal to proximal cell position as 

indicated from the two youngest lamina columns (dashed outline in B). The red 

line shows regression averaging of each of the MFI profiles (see Materials and 

Methods). Scale bar = 20µm. 
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5.2.7 Low extremes of the Hh pathway activity specify proximal 

lamina neuron identities 

There are many well characterised examples of Hh signalling gradients 

which control patterning, for example in the wing disc and vertebrate neural 

tube (Mullor et al., 1997; Dessaud, McMahon and Briscoe, 2008). If differential 

Hh signalling activity levels are set up within newly formed lamina columns, 

does this determine lamina neuron identity such that high levels of Hh signalling 

specify distal lamina neurons (i.e., L2s), and low levels specify proximal lamina 

neurons (i.e., L5s)?  

Firstly, to test whether low levels of Hh signalling activity are sufficient to 

induce proximal lamina neuron identity (L5s), I sought to reduce Hh signalling 

in the lamina. Previous data showed that in smo3 mutant clones, no LPCs are 

recovered (Zhen Huang and Kunes, 1996). Therefore, I aimed to partially block 

the Hh pathway using 27G05-Gal4, since it was expressed in LPCs leaving the 

lateral lamina furrow, to mis-express the repressor form of Ci, CiRepressor, ciRNAi, 

or smoRNAi.  

Expressing CiRepressor led to a 2.9-fold increase in the proportion of L5s 

(Bsh and Slp2-double positive cells) relative to controls, whereas the 

proportions of the other lamina neurons reduced (N=10; Figure 5.9A, B, E-N; 

Kruskal-Wallis H test; P<0.0001). Furthermore, L5s were recovered across the 

entire distal-proximal regions of the lamina (N=10; white arrowheads; Figure 

5.9B). Similarly, expressing CiRNAi, to knockdown Ci, resulted in ectopic L5s and 

a 2.2-fold increase in the proportion of L5s relative to controls, at the expense 
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of L2/3 and L4 neurons (N=9; Figure 5.9A, C, E-N; Kruskal-Wallis H test; 

PL2/L3<0.0001, PL1<0.05and PL4<0.0001). Thus, decreasing Hh signalling was 

sufficient to induce proximal cell identity (L5s) throughout the entire dorsal-

proximal regions of lamina columns, at the expense of the other lamina neuron 

types. 

Surprisingly, when Smo was knocked down using SmoRNAi, ectopic L1s 

and L5s were recovered (N=11; L1s and L5s – red and white arrowheads 

respectively; Figure 5.9D). However, there was a 1.6-fold increase in the 

proportion of L1s (Svp and Slp2-double positive cells) relative to controls, 

whereas the proportions of L2/3 and L4 neurons reduced and L5s did not 

significantly change (N=11; Figure 5.9A, D, E-N; Kruskal-Wallis H test; 

P<0.0001).  

In addition to these data, I also perturbed Costal 2 and Dally. Costal 2 

acts as a scaffold for Ci and several kinases that mediate the phosphorylation 

and subsequent proteolytic cleavage of Ci (Ishii, 2005). Thus, overexpression of 

Costal 2 is sufficient to negatively regulate the Hh pathway. When Costal 2 was 

overexpressed in the lamina, while the number of lamina neurons decreased, 

only L5 neurons were specified (N=14; Figure 5.9O). Dally has been shown in 

other contexts to be a regulator of Hh signalling by regulating cytoneme 

stabilization, Hh dispersal, Hh reception, and transcytosis (Filmus and Capurro, 

2014). When DallyRNAi was expressed in the lamina, L2/3s and L1s were 

recovered in proximal regions, and L5s were recovered in distal regions (N=8; 

ectopic L2/3s = green arrowhead, L1s = red arrowheads, L5s, white 

arrowheads; Figure 5.9P). The proportions of each lamina neuron subtype were 
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not significantly different to the control. This data indicates that Dally may be 

involved in lamina neuron specification. Since Dally is involved in Hh reception, 

in its absence, Hh localisation might have become less restricted causing 

aberrant lamina specification.  

5.2.8 High extremes of Hh pathway activity specify distal lamina 

neuron identities 

I next tested whether increasing Hh signalling autonomously in the 

lamina directs LPCs to be specified into distal lamina neuron identities (i.e., 

L2s). To do this, I over expressed two copies of constitutively active Ci, CiACT, in 

the lamina using 27G05-Gal4. No L5s were recovered, and instead only L2/3s 

(only Slp 2-positive) cells were specified in the proximal regions where L5s 

would normally develop, while L1s and L4s were still recovered (N=5; Figure 

5.10A, B). However, very few brains were dissected for this experiment since 

almost all larva died before entering the pupal stage. One reason that L1 and 

L4s were recovered could be because by using 27G05-Gal4 the endogenous Hh 

signalling gradient would have been still present, but at overall higher levels. 

Thus, Hh signalling thresholds that specify L1/4s might have still been induced. 

To solve this issue, I sought to induce maximal physiological levels of Hh 

signalling in LPCs such that there was no diversity in Hh signalling activity 

levels. To do this, I induced ptcS2 MARCM clones. Within large ptcS2 clones, 

there was an increase in the number of Elav-positive cells, such that more than 

a row of proximal lamina neurons differentiated (N=13; Figure 5.10C). 

Furthermore, only L2/L3s were recovered in both small ptcS2 clones and large 
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clones at the expense of L1, L4 and L5 neuron types (N=15; Figure 5.10D, E). 

Hence, at maximal physiological levels of Hh signalling activity, L2/L3s are 

specified, at the expense of the other lamina neurons. 

I next mis-expressed Hh tagged to EGFP, Hh::EGFP, in photoreceptors 

(Hartman et al., 2013), to investigate whether increasing total levels of Hh 

protein were also able to favour specification of distal lamina identities at the 

expense of proximal lamina neurons. I used GMR-Gal4 which is expressed in 

photoreceptors (N=6; Figure 5.10F) to over express Hh::EGFP, since 

photoreceptors express Hh endogenously. Unexpectedly, overexpression of 

Hh::EGFP did not result in erroneous specification of lamina neurons (N=8; 

Figure 5.10G). Moreover, Hh::EGFP was present in photoreceptor axons and did 

not appear to be secreted (N=8; Figure 5.10G’). This was unlike the Hh protein 

reporter Hh::sfGFP, where Hh::sfGFP appeared to be secreted and not present 

in photoreceptor axons (N=18; Figure 5.10H). The Hh::EGFP construct was 

previously shown to be able to be secreted from follicle stem cells in the ovary 

(Hartman et al., 2013). This result suggests that overexpression of Hh in 

photoreceptors was unable to be secreted. Therefore, I cannot evaluate 

whether increasing Hh concentration in the lamina disrupts normal patterning. 

However, this result may reflect a yet unknown mechanism by which 

photoreceptors set up a Hh protein gradient in the lamina. 
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Figure 5.9: Low extremes of Hh signalling result in ectopic L5 

specification at the expense of the other lamina neurons. 

(A - C) Lamina-specific misexpression of (A) CD8::GFP (control), (B) Cirep, (C) 

CiRNAi, and (D) two copies of SmoRNAi labelled with lamina neuron-type-specific 

markers Slp-2 (cyan), Bsh (yellow), and Svp (magenta). (A) The pattern of Slp-

2, Bsh, and Svp expression was the same as the wildtype. Upon lamina-specific 

misexpression of (B) Cirep or (C) CiRNAi, ectopic Slp-2 and Bsh co-expressing 

cells (L5s) were recovered in the distal lamina (arrowheads). (D) Upon lamina-

specific expression of two copies of SmoRNAi, ectopic Bsh and Slp2-positive L5s 

(white arrows) and Svp and Slp2-positve L1s (red arrows) were recovered in 

distal regions. (E - H) Quantifications of the proportion of each lamina neuron 

type per focal slice for each experiment in (A - D). (I - L) Quantifications of 

the mean number of each lamina neuron type per focal slice for each 

experiment in (A - D) which follow the same pattern as proportions of each 

lamina neuron subtype. (M – N) Representation of the same data in (E – L), 

where (M) represents (E – H) and (N) represents (I – L). (O - P) Lamina-

specific overexpression of (O) Costal2 a net inhibitor of Hh signalling and (P) 

DallyRNAi a positive regulator of Hh signalling. (O) Overexpression of Costal2 

results in a loss of most lamina neurons, however those which do develop are 

Bsh and Slp2-postive L5s. (P) Overexpression of DallyRNAi results in ectopic Bsh 

and Slp2 L5s (white arrows) in more distal regions, Slp2-positive L2/L3s (green 

arrows) and Svp and Slp2-positive L1s (red arrows) in proximal regions of the 

lamina. Error bars represent Standard Deviation. Scale bar = 20µm. 
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Figure 5.10: High extremes of Hh signalling activity result in ectopic 

L2/L3 fate at the expense of the other lamina neurons. 

(A - B) Lamina-specific misexpression of (A) CD8::GFP and (B) two copies of 

CiACT, a constitutively active version of Ci. Upon expression of CiACT, Slp2-

positive cells developed instead of L5s in the proximal layer of the lamina. (C - 

E) MARCM clones mutant for ptcS2 such that either large (C, E) or small (D) 

clones were induced in the lamina. Clones in the lamina are outlined by dashed 

lines. (C – C’) Upon induction of a large RFP-positive ptcS2 clone, labelled with 

RFP (white), Dac (magenta), and Elav (yellow), increased differentiation was 

observed in the proximal region of the lamina. (D) An optic lobe with a small, 

RFP-positive ptcS2 MARCM clone labelled with (D) Elav (white) and RFP 

(magenta), (D’) Slp-2 (cyan) and Bsh (yellow). A clone that spanned the 

proximal lamina was still Elav and Slp-2 positive but lacked Bsh, indicating that 

cells were specified as L2/L3s and not L5s. (E) An optic lobe with a large, RFP-

positive ptcS2 MARCM clone stained for (E) RFP (white), (E’) Slp-2 (cyan), Bsh 

(yellow), and Svp (magenta). Cells contained within the lamina that are not part 

of the clone are outlined by dashed red lines. A clone that spanned the whole 

lamina was Slp-2 and Elav-positive, but not Svp or Bsh-positive indicating that 

the cells had differentiated into L2s or L3s but not L1s, L4s or L5s. Note that 

the Svp-positive cells are not contained within the clone. (F) Expression pattern 

of GMR-Gal4, used to overexpress Myr-RFP, such that the photoreceptor axons 

can be easily seen (RFP – white, Dac – Magenta). Only photoreceptors express 

GMR-Gal4. (G) Photoreceptor-specific expression, using GMR-Gal4, of Hh-EGFP, 

a functional Hh construct, tagged with EGFP. The pattern of subtype-specific 
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markers, Bsh (yellow), Slp2 (cyan), and Svp (magenta) was unchanged from 

the control (A). (H) Photoreceptor-specific expression, using GMR-Gal4, of Hh-

EGFP (cyan). Hh-EGFP is confined to photoreceptor axons and localises highly 

to axon growth cones. (I) Localisation of Hh::GFP (cyan). Hh::GFP is clearly 

not confined to photoreceptors, except for the youngest photoreceptors. Scale 

bar = 20µm. 
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5.2.9 Do intermediate levels of Hh signalling specify intermediate 

lamina subtypes? 

I had tested the extremes of Hh signalling activity, high and low, 

therefore I next tested whether Hh was acting as a morphogen in patterning 

LPCs. Since a morphogen exerts regional information in a concentration-

dependent manner, I sought to test whether intermediate levels of Hh 

signalling activity specify intermediate lamina subtypes. 

To test this, I blocked Hh signalling by using a temperature-sensitive hh 

mutant, hhts2. When this mutant is shifted to the non-permissive temperature, 

29oC, Hh function is blocked (Zhen Huang and Kunes, 1996). Therefore, I 

shifted the hhts2 mutant to the non-permissive temperature for increasing 

periods of time (6hrs, 12hrs, 24hrs, 45hrs, 72hrs) to test whether progressively 

decreasing Hh protein levels restricts lamina specification to progressively 

proximal lamina neuron identities.  

Consistently with the known role of Hh signalling in photoreceptor 

development (S Greenwood and Struhl, 1999) and with the data in Chapter 3, 

shifting the hhts2 mutant to the non-permissive temperature for increasing 

periods of time resulted in fewer photoreceptors and lamina neurons recovered 

(Ns indicated in figures; Figure 5.11A-J, 5.12A-G, quantified in Figure 5.12H). 

Indeed, after a 24hrs temperature shift, the levels of Dcp-1 in the lamina were 

increased compared to the control (N=10; Figure 5.12I-J). These results 

validated the approach had showed that progressively increasing temperature 

shifts were sufficient to titrate functional Hh to lower and lower levels. 

210



I investigated the effect of titrating functional Hh protein on lamina 

column patterning by using subtype-specific markers, Bsh, Slp2, and Svp. When 

the proportion of L1s per slice also increased compared to the control after a 

6hrs temperature shift (N=9; Figure 5.12C, L; Kruskal Wallis H test, P<0.0001). 

Overall, this method of Hh pathway intervention resembled the lamina-specific 

mis-expression of smoRNAi, where ectopic L1 neurons were specified (Figure 

5.9D, J). Moreover, these data show that subtle perturbations of the pathway 

lead to the specification of intermediate lamina neuron identities (i.e., L1s) in 

the lamina.  

Furthermore, L5 (Bsh and Slp2-positive) neurons developed in the distal 

regions of the lamina (white arrowheads; N=18/22; Figure 5.12C). This 

contrasts with the control, where L5 neurons develop in proximal regions (white 

brackets and arrows; N=10/10; Figure 5.12A-B). Therefore, L5 neurons are 

specified ectopically when the hhts2 mutant is shifted to the non-permissive 

temperature for 6hrs.  

After a 12hr temperature shift, the proportion of L5 neurons per slice 

increased at the expense of L2/3s, whereas L1/4 numbers did not significantly 

change (N=9; Figure 5.12D, K-N, Kruskal Wallis H test, P<0.0001). After a 24hr 

temperature shift, the proportion of L5 neurons per slice increased at the 

expense of the L1-L4 neurons (N=10; Figure 5.12E, K-N, Kruskal Wallis H test, 

P<0.0001). These data suggest that progressively titrating functional Hh results 

in ectopic specification of intermediate and proximal neuron identities, 

consistent with Hh acting as a morphogen. 
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Figure 5.11: Shifting the hhts2 mutant for progressively longer time 

periods titrates Hh signalling increasingly. Fewer photoreceptors and 

lamina neurons develop when functional Hh availability is titrated. (A-E) 

Photoreceptor axons in the lamina were labelled with HRP in the following 

genotypes and conditions: (A) hhts2/+ shifted from the permissive temperature 

(18oC) to the restrictive temperature (29oC) for 24 hours, (B) hhts2 raised at the 

permissive temperature, (C-E) hhts2 shifted from the permissive temperature to 

the restrictive temperature for (C) 6 hours, (D) 12 hours, (E) 24 hours. (F-J). 

All neurons were labelled with Elav for the same genotypes as (A-E). The 

pattern of neuronal differentiation worsened progressively with longer 

temperature shifts, with fewer neurons differentiating overall. Scale bar = 

20µm.  
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Figure 5.12: Increasingly titrating Hh signalling shifts lamina neuron 

specification towards L5 identity. Laminas labelled with neuron-type-

specific markers Slp-2 (cyan), Svp (magenta) and Bsh (yellow) in (A) hhts2/+ 

shifted from the permissive temperature (18oC) to the restrictive temperature 

(29oC) for 24 hours, (B) hhts2 raised at the permissive temperature, (C-G) hhts2 

shifted from the permissive temperature to the restrictive temperature for (C) 6 

hours, (D) 12 hours, (E) 24 hours. The pattern of neuronal differentiation 

worsened progressively with longer temperature shifts, with fewer neurons 

differentiating overall. Slp-2 and Bsh positive cells (L5s) were observed in the 

distal lamina (white arrowheads) for 6 hr, 12 hr and 24 hr temperature shifts, 

till most cells present differentiated into L5 neurons for the 24-hour 

temperature shift. Whereas Slp-2 and Svp co-expressing cells (L1) increased 

only for the 6-hr temperature shift and were distributed throughout the distal-

proximal axis (red arrowheads). (F, G) hhts2 shifted from the permissive 

temperature to the restrictive temperature for (F) 45 hours and (G) 72 hours 

stained for Elav (yellow) and HRP (white). A few photoreceptor bundles are 

present but no LPCs formed under the (F) 45-hour temperature shift condition, 

whereas neither photoreceptors nor LPCs were present for the (G) 72-hour 

temperature shift condition. (H) Quantification of the total number of lamina 

neurons (Elav-positive cells) per focal slice in hhts2/+ and hhts2 shifted from the 

permissive temperature to the restrictive temperature as indicated. Error bars 

represent Standard Deviation. (I) A wild-type optic lobe stained for Dcp-1 

(cyan). Only a single crescent of cells was positive for Dcp-1 and undergo 

apoptosis. (J) A hhts2 mutant optic lobe shifted to the non-permissive 
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temperature for 24hrs stained for Dcp-1 (cyan). Blocking Hh activity for 24 hrs 

results in widespread cell death mostly located, but not restricted to, the lamina 

furrow. (K - N) Quantifications of the proportions of each lamina neuron 

subtype per slice and normalised to the control for each hhts2 temperature shift 

condition. Scale bar = 20µm.  
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5.2.10 Do other signalling pathways contribute to LPC 

specification? 

I investigated the single cell RNA sequencing data to probe other pathways that 

were differentially expressed in the lamina. I identified the Notch pathway as a 

potential hit through the expression of Notch pathway gene targets called 

Enhancers of Splits (E(Spl)s). I found that each of the E(Spl) genes was 

expressed at higher levels in L5s compared to L1-L4s (Figure 5.13A). When I 

expressed NotchRNAi, while the lamina morphology was disrupted, the pattern of 

Slp2 and Bsh expression was unperturbed (N=12; Figure 5.13B, C). However, I 

did not investigate the expression of Svp, therefore the possibility remains that 

Notch is involved in patterning decisions of L1/4s. Overall, I concluded that 

Notch signalling does not contribute to LPC specification. 
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Figure 5.13: Repressing Notch expression does not disrupt lamina 

specification. 

(A) When comparing the differences in transcriptional gene expression 

between the L1-L4 developmental trajectory (branch A in Figure 5.5F) and the 

L5 developmental trajectory, one of the hits were the E(spl) genes which hare 

transcription factors downstream of Notch signalling. Strikingly, Each of the 

E(spl) genes was expressed at higher levels in the L5 neurons compared to the 

L1-L4 neurons. (B) A wild-type optic lobe stained for Slp-2 (cyan) and Bsh 

(yellow). (C) Using the 27G05-Gal4 lamina specific driver, I overexpressed 

Notch-RNAi to downregulate Notch expression. However, while the morphology 

of the lamina is slightly perturbed, the specification of the lamina neurons is 

unperturbed. Scale bar = 20µm. 
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5.3 Discussion 

In this chapter, I have shown that while all lamina neurons have the same 

developmental origin, LPCs are pre-patterned once they have assembled into 

columns. Moreover, there is a distal to proximal gradient of Hh signalling 

activity and of Hh protein in the lamina. Furthermore, the differential levels of 

Hh signalling activity control proper LPC specification. High levels of Hh 

signalling activity give rise to distal lamina neuron (i.e., L2/L3s) specification, 

whereas lower levels give rise to proximal (i.e., L5s) neuron specification 

(Figure 5.13).  

 

5.3.1 Photoreceptors set up a Hh gradient in their target field to 

define lamina development 

Previous examples of Shh/Hh morphogen gradients employ a strategy 

where epithelial cells secrete Shh/Hh which propagates through tissue to form a 

concentration gradient that decreases with increasing distance from the source 

cells.  

This study agrees with previous data that photoreceptors are the sole 

source of Hh in the lamina (Zhen Huang and Kunes, 1996). I have also shown 

that a Hh morphogen gradient is generated in the youngest lamina columns, 

polarised along axon lengths in the lamina (Figure 5.14). This is striking since in 

most contexts, it is the morphogen gradient that informs axon guidance, rather 

than neuronal axons establishing the gradient (Isbister et al., 2003; Schnorrer 
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and Dickson, 2004; Wen et al., 2007; Sánchez-Camacho and Bovolenta, 2009; 

Avilés, Wilson and Stoeckli, 2013). There are no reports of neurons establishing 

a Hh gradient in its axonal target field in any other context. Overall, this data 

emphasizes the evolutionarily conserved method of generating diversity from 

one pathway (Sagner and Briscoe, 2019). 

Shh has been shown to pattern mouse, ventral neural tube progenitor 

cells and their progeny including cortical and striatal interneurons (Maroof et 

al., 2013; Tyson et al., 2015). It is known that Shh is expressed in the 

developing mouse forebrain (Machold et al., 2003; Fuccillo et al., 2004; Xu, 

Wonders and Anderson, 2005). Loss of shh expression led to patterning, 

proliferation and maintenance defects (Machold et al., 2003; Fuccillo et al., 

2004; Xu, Wonders and Anderson, 2005). There are examples of neurons which 

express Shh in adult mice including calretinin-positive neurons of the dentate 

gyrus. Loss of Shh expression in these neurons led to reductions in the number 

of neuronal stem cells in the hippocampus (G. Li et al., 2013). Within this 

population of dentate gyrus neurons are mossy cells which express Shh. Loss of 

Shh in mossy cells led to their reduced population and excitotoxicity in response 

to kainite-induced hyperactivation (Gonzalez-Reyes et al., 2019).  
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Figure 5.14: Overall model of Hh-mediated lamina neuron 

specification. The current model for lamina specification is that 

photoreceptors, as the only source of Hh for the optic lobe, express and 

translate Hh in their cell bodies in the eye disc. Hh is transmitted to the lamina 

and secreted such that a Hh protein gradient is set up in the youngest lamina 

columns. This gradient induces a distal-proximal Hh signalling activity gradient. 

Thus, differential levels of Hh signalling pattern the five lamina neuron 

identities. 
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5.3.2 Do intermediate levels of Hh signalling activity induce L1s 

and/or L4s? 

The data supports the role of Hh as a morphogen in patterning the L1-L5 

neurons. I demonstrated the extremes of Hh signalling which induced either 

L2/3 or L5 neurons. However, in several experiments tested more subtle 

perturbations of the Hh signalling pathway. For example, the 6-hrs temperature 

shift of the hhts2 mutant only slightly reduced the number of lamina neurons yet 

resulted in ectopic L1 neurons. Moreover, expressing smoRNAi in the lamina 

produced a similar result. This suggests the lower levels of Hh signalling are 

sufficient to induce L1 formation. 

Apart from these experimental conditions, I did not test an intermediate 

level of Hh signalling. One way in which this could be done, is by inducing smo3 

MARCM clones, meanwhile expressing CiACT under the control of Gal4/UAS. This 

experiment firstly resets the level of Hh signalling activity to zero in clones. 

Secondly, by expressing CiACT in clones under the control of Gal4/UAS, which is 

crucially temperature-sensitive, flies can be raised at multiple temperatures. 

This means that different concentrations of active Ci will be present in clones, 

leading to differential levels of Hh signalling activity. 

 

5.3.3 How do photoreceptors set up a Hh gradient? 

An interesting avenue that this data raises is understanding the 

mechanism that photoreceptors employ to establish a Hh gradient in the 
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lamina. This model is unconventional since morphogen gradients are typically 

setup via a diffusion process from a localised source of expression, for example 

the floor plate or the roof plate in vertebrates (Sagner and Briscoe, 2019). 

However, I show that photoreceptors, whose axons span each entire lamina 

column can set up a Hh gradient. The Fernandes lab will test several models 

(below) which may explain the formation of the Hh morphogen gradient. 

5.3.3.1 Photoreceptor-centric: 

The following models all rely on Hh transcription, translation, and 

subsequent processing being localised to photoreceptor cell bodies in the eye 

disc, with subsequent Hh transmission into axons for secretion. 

1. Photoreceptors secrete Hh via their axons distal to the lamina. This 

model hypothesises that Hh passively diffuses through the lamina from a 

single origin which is the optic stalk. This also means that photoreceptors 

are unable to release Hh from the portion of their axons which have 

entered the lamina. 

2. Another model is that photoreceptors can secrete Hh throughout the 

length of their axons. However, if there is a finite source of Hh, and the 

capacity for Hh secretion is constant throughout the axon, then logically, 

more Hh secretion would occur in the distal regions of the axon than the 

proximal regions, thereby generating differential concentrations of Hh in 

the lamina. 

3. Another hypothesis is that Dispatched, required for Hh secretion is itself 

distributed in a gradient naturally occurring due to the length of the 
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axon. Since the photoreceptor axons cover a large distance from their 

cell body to the lamina, it is conceivable that the concentration of 

Dispatched in the lamina portion of the photoreceptor axon is graded. 

Thus, secretion of Hh would also occur in a graded way generating 

differential concentrations of Hh in the lamina. 

5.3.3.2 Glial relay and transcytosis: 

The Fernandes lab has extensive experience in glial cell regulation of 

neuronal development (Chen, Del Valle Rodriguez, et al., 2016; Fernandes et 

al., 2017; Rossi and Fernandes, 2018; Lago-Baldaia, Fernandes and Ackerman, 

2020; Prasad et al., 2022). One suggestion as to how photoreceptors establish 

a Hh gradient is via glia. It has already been shown that signals from 

photoreceptors are relayed via wrapping glia and giant glia to control lamina 

neuron differentiation (Fernandes et al., 2017; Rossi and Fernandes, 2018; 

Prasad et al., 2022). It has been suggested that morphogens may be able to 

exert their effect via transcytosis, a predicted theory of long-range gradient 

formation (Lander, Nie and Wan, 2002). This theory of molecular transport 

proposes that a morphogen is directed to its site of release after multiple 

rounds of uptake (endocytosis) and release (exocytosis) along an epithelial 

plane (Pfeiffer and Vincent, 1999; Entchev, Schwabedissen and González-

Gaitán, 2000). In this model, wrapping glia would transport Hh and release it at 

the distal lamina, thereby generating a single source location for Hh to diffuse 

from. While this model does not satisfy previous explanations of transcytosis in 

terms of epithelial uptake (Müller et al., 2013), this novel hypothesis involves 
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the uptake and dispersal of Hh by a supporting glial cell to a different location 

dictated by the glial morphology.  

5.3.3.3 A forgotten source of Hh 

In the eye disc, there are a group of cells at the centre of the posterior 

margin which do not have photoreceptor identity, which express hh-Gal4 

(N=10; Figure 5.8A). It is plausible that these cells express and release Hh 

which diffuses through the optic stalk to the lamina. The gradient might then 

form based either on passive diffusion or through LPC-mediated sequestration 

of Hh. It is conceivable that the most distal LPCs sequester Hh such that less 

can diffuse to the proximal regions.  

 

5.3.4 Does a Hh signalling gradient alone explain the specification of 

5 distinct subtypes? 

Currently, my hypothesis is that a Hh morphogen gradient is setup by 

photoreceptors to pattern the five lamina neuron subtypes, L1-L5. However, 

there may be more pathways involved which contribute to the mechanism of 

lamina neuron patterning. Often, multiple morphogen gradients act to properly 

pattern cell types (Xu et al., 2014; Briscoe and Small, 2015). In the neural tube, 

Shh signalling is opposed by BMP and Wnt signalling gradients (Liem, Jessell 

and Briscoe, 2000; Alvarez-Medina et al., 2008; Kicheva et al., 2014). These 

opposing gradients of information generate the proper patterning across the 

entire neural tube dorsal/ventral axis. In the optic lobe, the expression patterns 
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of Wg and Dpp are known to define whole domains of the OPC (Shoko Yoshida 

et al., 2005; Suzuki, Trush, et al., 2016). These regions are in the posterior 

optic lobe and thus not in a position to set up an opposing morphogen gradient 

to that of Hh. Thus, it is unlikely that there is an opposing morphogen gradient, 

at least of Dpp or Wg. 

One of the hits from the RNAseq data was Notch signalling. The 

transcriptional regulators of Notch signalling are bHLH E(spl) transcription 

factors known as the HES genes in mammals (Kokubo, Lun and Johnson, 1999; 

Leimeister et al., 1999; Oates and Ho, 2002). Studies have shown that the 

Notch and Hh pathways interact in multiple ways. One finding showed that 

Notch represses ihog and boi expression thereby reducing Hh signal 

transduction in the eye disc (da Ros et al., 2013). During the development of 

the zebrafish spinal cord, Notch signalling is required to maintain Shh signalling 

in neural progenitors. In this case, Notch signalling regulated gli1 expression, 

thus in the absence of Notch, gli1 expression was reduced (Jacobs and Huang, 

2019). 

When I mis-expressed NotchRNAi, the expression pattern of the subtype-

specific markers, Bsh, Slp 2, and Svp was unchanged, therefore, the 

specification of the lamina neuron subtypes was unperturbed. This suggests 

that Notch signalling does not play a role in the specification of LPCs. However, 

I did notice that LPCs prematurely differentiated. This was not to the same 

extent as hyperactivation of the ERK signalling pathway but represents an 

interesting avenue of questions about lamina development. This finding may be 

more relevant to the questions of Chapter 4, where I show that ERK signalling 
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must be switched off for LPCs to be specified in the OPC. Perhaps, Notch 

signalling acts antagonistically to the ERK pathway. Thus, blocking Notch 

signalling might have led to an increase in ERK signalling resulting in premature 

differentiation. Overall, this combination of pathways may contribute to the 

timing and correct order of LPC differentiation. 

 

5.3.5 Lamina neuropil and vertebrate bipolar cell similarities 

There is remarkable similarity between the Drosophila melanogaster and 

vertebrate visual motion pathways (Clark and Demb, 2016). While the lamina 

has no direct homologous processing layer in vertebrates, the function of the 

lamina neuropil is in the ON-/OFF-pathways of motion and thus functionally 

resembles the vertebrate ON-/OFF- bipolar cells. Indeed, L2 neurons have 

specifically been investigated based on their involvement in detecting moving 

dark edges and were found to share many functional similarities with vertebrate 

bipolar OFF cells (Freifeld et al., 2013).  

Vertebrate retinal bipolar cells form a class of 15 neuronal subtypes 

(Wässle et al., 2009; Shekhar et al., 2016), 14 of which are ON- and OFF-cone 

bipolar cells, and one which is an OFF-rod bipolar cell (Tsukamoto and Omi, 

2017). Bipolar cells develop postnatally from multipotent progenitor cells call 

retinal progenitor cells (RPCs) which give rise to ~100 neuronal cell types in a 

specific order including retinal ganglion cells, rod photoreceptors, bipolar cells 

and Müller glia in different numbers (Livesey and Cepko, 2001). While 

neurogenesis advances, RPCs lose competency, by losing the ability to give rise 
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to earlier born cells and gaining the ability to give rise to later-born types 

(Cepko et al., 1996). RPCs give rise to bipolar cells towards the end of 

retinogenesis which do not migrate from their origin (Turner and Cepko, 1987; 

Reese et al., 1999) similarly to LPCs which are born in the lamina furrow and 

are incorporated into adjacently forming columns. Bipolar cells differentiate 

over 1-2 weeks, during which they acquire subtype-specific characteristics 

(Morrow, Chen and Cepko, 2008). This study also found that mitotic exit was 

directly linked with acquisition of bipolar subtype fate (Morrow, Chen and 

Cepko, 2008). Lamina development parallels this since LPCs exit the cell cycle 

after a terminal division before differentiating in lamina columns (Zhen Huang 

and Kunes, 1996). Currently, the mechanisms that lead to bipolar cell 

specification are unknown. Recently studies have elucidated sets of 

transcription factors that are important for the specification of certain bipolar 

cell fates including: Vsx2, Otx2, Blimp1, Notch1, Ascl1, and Neurod4 (West and 

Cepko, 2022). However, a mechanism for how these transcription factors are 

switched on to generate the diversity of bipolar cell types is unknown. Given 

the remarkable functional and developmental similarity between the Drosophila 

melanogaster lamina and vertebrate bipolar cell subtypes, Shh signalling may 

offer a pertinent avenue of investigation.  
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Chapter 6 - General Discussion and Future 

Directions 

Through this work, I have provided a new understanding of lamina 

development. First, I addressed how the same neuroepithelium is partitioned to 

generate two neuropil structures (lamina and medulla) and elucidate the true 

role of Hh signalling in LPC formation. As well, I addressed how lamina neurons 

are diversified and uncovered that a photoreceptor derived Hh morphogen 

gradient patterns the lamina neuron subtypes. I will discuss here the questions 

these results raise and propose experiments that could offer answers to these. 

 

6.1 How does Hh signalling act as a survival signal? 

6.1.1.1 Are there multiple routes to cell death when Hh signalling is blocked? 

Originally, Hh was identified as the primary inductive signal of LPC 

neurogenesis and maturation (Zhen Huang and Kunes, 1996; Z. Huang et al., 

1998). This was shown using Dac as a marker for LPCs. While the specification 

of LPCs from naïve neuroepithelium was never addressed directly, Hh signalling 

was shown to be required for Dac expression which is essential for lamina 

development (Zhen Huang and Kunes, 1996; Z. Huang et al., 1998; Piñeiro, 

Lopes and Casares, 2014). In Chapter 3, the data clearly shows that Hh does 

not induce LPC specification. However, blocking apoptosis did not fully rescue 

LPC formation in the absence of Hh signalling. Could this mean that Hh has only 
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a partial role in LPC survival? One explanation could be that multiple routes to 

cell death are active in the absence of Hh. The interventions I tried, block 

caspase-dependent apoptosis, however, there are caspase-independent cell 

death programmes, including mitochondrial dysfunction (Ott et al., 2002; Ekert 

et al., 2004; Abraham, Lu and Shaham, 2007; Berry and Baehrecke, 2007b). 

One way to see if caspase-independent cell death occurs is to stain for either 

Dcp1 or Dcp3, both marking the presence of caspases, and a simultaneously do 

a Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay 

which marks all cell death events. If there are any TUNNEL-positive cells which 

are not Dcp1/3-positive, this would suggest another form of cell death occurs in 

the absence of Hh signalling. To account for autophagic cell death, cytoplasmic 

vacuolisation could be examined. 

Hh signalling acts through Ci, which activates transcription when Hh is 

present. Thus, the mechanism by which Hh signalling induces cell survival is 

most likely through gene transcription. It would be interesting to see which 

genes are dysregulated in smo3 MARCM clones expressing P35 compared to 

wild-type tissue using scRNAseq. This would be simple since the clones would 

be marked by GFP and can be induced within the lamina furrow. The reason 

smo3 MARCM clones expressing P35 should be analysed is because the LPCs are 

present, whereas in smo3 MARCM clones, they die. Clonal cells would be 

distinguished based on gfp transcript expression and compared to wild-type 

expression from the integrated dataset in Chapter 5. 
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6.1.1.2 Shh is involved in cell survival in mammals 

Lamina development has remarkable similarity to the vertebrate retina. 

Shh is secreted by retinal ganglion cells and amacrine cells which causes the 

differentiation of all retinal cell types (Neumann and Nuesslein-Volhard, 2000). 

In shh mutant zebrafish, there is widespread over proliferation within the 

retina, thus Shh is required for cell cycle exit of retinal progenitors (Shkumatava 

and Neumann, 2005; Prykhozhij, 2010). Interestingly, while proliferation is 

increased, the eyes in the shh mutant are smaller than that of the wild type. 

This is due to the widespread apoptosis also occurs in shh mutants 

(Shkumatava and Neumann, 2005; Prykhozhij, 2010). Blocking cell death by 

using double mutants for shh and p53 is sufficient to rescue amacrine cell and 

photoreceptor differentiation (Prykhozhij, 2010). Overall, this shows that the 

survival role of Hh signalling in the development of the visual system is 

conserved between flies and zebrafish. It would be interesting to see whether 

Shh signalling’s pro-survival activity could act as a neuroprotective signal in 

neurodegeneration models.  

6.1.1.3 Do Hh signalling activity levels determine cell survival? 

Furthermore, as I have discussed widely throughout this thesis, different 

levels of Hh signalling activity cause different outcomes. In Chapter 3, I only 

investigated the effect of blocking Hh signalling completely. As such, it would 

be interesting to progressively decrease the levels of Hh signalling in the lamina 

to analyse the effect on Dac expression and proliferation. In Chapter 5, I shifted 

the hhts2 mutant to the non-permissive temperature, but only investigated the 
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subtype composition of the differentiated lamina neurons. The total number of 

lamina neurons decreased as the amount of functional Hh in the lamina was 

decreased, even for slight reductions in functional Hh. This suggests that the 

level of Hh signalling activity does not determine survival and any Hh presence 

is enough. However, I demonstrated that when cell death was rescued in smo3 

mutant clones, LPCs were able to proceed through the cell cycle. However, I 

did not investigate whether LPC terminally divided. It would be interesting to 

investigate whether the number of LPC divisions increase in the absence of Hh 

signalling, or at differential levels when apoptosis is blocked. Indeed, when Shh 

was blocked in the Xenopus lavis retina, increased proliferation occurred 

(Locker et al., 2006). This suggests that Hh plays a role in slowing proliferation 

or inducing terminal divisions. This aspect of Hh signalling could be investigated 

by using BrdU feeding experiments to track the progeny of rescued LPCs or by 

tracking the progeny of MARCM clones. 

6.1.1.4 How do LPCs form at the tips of the lamina, in the absence of Hh 

signalling? 

In Chapter 3, I outlined how LPCs form at the tips of the lamina in the 

absence of Hh signalling activity. However, I did not investigate how these LPCs 

formed even without blocking apoptosis. In fact, the tips of the lamina are 

located adjacently to the dpp expressing regions of the OPC (S. Yoshida et al., 

2005). In the wing pouch, Dpp is required for cell survival. When Dpp signalling 

is blocked, the c-Jun amino-terminal kinase (JNK) pathway is activated resulting 

in apoptosis (Bryant, 1988; Adachi-Yamada et al., 1999). It is conceivable that 
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in the absence of Hh signalling, Dpp compensates by inducing cell survival. It 

would be interesting to test this by blocking Dpp signalling while simultaneously 

blocking Hh signalling. This could be done by using double mutants for smo, 

and the Dpp receptor, thickveins. 

6.2 How is the LPC population size regulated? 

6.2.1.1 Which mechanisms control lamina population? 

In Chapter 4, I showed that blocking the ERK signalling pathway in the 

OPC resulted in an increase in the LPC population. However, which other 

mechanisms control the population of LPCs? Neuroepithelial expansion is 

necessary for the generation of the correct number of medulla neurons (Wang, 

Liu, et al., 2011). Does this same mechanism also control the LPC population?  

One study showed that the surface-associated cortex glia act as a niche 

to control OPC neuroepithelial expansion (Morante et al., 2013). This is 

controlled via expression of the micro-RNA mir8 which represses the 

transcription of spi. The study showed that mis-expressing spi RNAi in surface-

associated cortex glia was sufficient to reduce neuroepithelial expansion 

(Morante et al., 2013). Several aspects of the data from this study do not add 

up. While surface-associated cortex glia-derived Spi may be required for 

neuroepithelial expansion, it may not be directly received by OPC 

neuroepithelial cells. Blocking or activating EGFR signalling in the OPC 

specifically did indeed lead to defects in neuroblast formation. A conclusion was 

made that surface-associated cortex glia-derived Spi release is necessary for 
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EGFR-mediated neuroepithelial expansion. However, this was never quantified, 

and it is not easy to identify this expansion when examining the data (Morante 

et al., 2013).  

I have shown that ERK signalling is not active in the OPC except at the 

boundary between Aop expression and pntP1 expression. While I have not 

confirmed with a neuroblast marker, it is likely this region corresponds to the 

transition zone. Therefore, Spi does not expand the OPC neuroepithelium by 

activating ERK in the medial OPC. It would be interesting to see if the surface-

associated cortex glia release any other cues that regulate neuroepithelial 

expansion. To initiate this investigation, the scRNAseq dataset could be used. 

By isolating the cluster corresponding to the surface-associated cortex glia, it 

might be possible to identify which cell signalling components are expressed. A 

loss-of-function screen could be carried out to find which factors are required 

for neuroepithelial expansion. 

In other studies, the pace of pro-neural wave progression was 

accelerated or delayed by inducing mutant MARCM clones which perturb the 

EGFR, Notch, JAK/STAT, and Fat/Hippo pathways. Notch was found to be 

required to delay pro-neural wave progression and neuroepithelial expansion 

(Yasugi et al., 2010). Since Notch signalling is antagonistic to EGFR, could it be 

responsible for the specification of LPC fate? An interesting experiment would 

be to block Notch signalling in the OPC to see if ERK signalling becomes active 

and lamina development is blocked. 
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6.2.1.2 Is LPC fate pre-patterned early in OPC development? 

In Chapter 4, I showed that ERK signalling must be switched off to allow 

neuroepithelium to become LPCs. The pro-neural wave sweeps through the 

OPC from anterior to posterior regions. Neuroepithelium posterior to the 

transition zone do not have active ERK signalling. Indeed, mis-expression of a 

constitutively active version of Aop in dronc mutant MARCM clones induced 

ectopic expression of Dac. Does the whole OPC neuroepithelial cell population 

have the capacity to become LPCs prior to pro-neural wave-induced neuroblast 

transition? This could be tested by inducing ptc mutant MARCM clones which 

mis-express AopACT. By dissecting during the second larval instar, prior to pro-

neural wave progression, it would be possible to see whether OPC 

neuroepithelium express Dac ectopically. Furthermore, this developmental 

timepoint is also prior to photoreceptor development. If neuroepithelial cells 

express Dac or LPCs are formed, this would demonstrate that Aop and Hh 

signalling are sufficient to specify LPC fate. This would imply that the pro-neural 

wave acts to shift the fate of the neuroepithelium to that of a medullary fate. 
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6.3 How do photoreceptors generate a Hh morphogen 

gradient? 

In Chapter 5, I showed that photoreceptors, as the only source of Hh, set 

up a Hh morphogen gradient in the youngest lamina columns to pattern LPCs.  

6.3.1.1 Does lacZ perdurance interfere with analysing Hh activity? 

Using, ptc-lacZ as a readout of ptc expression and therefore Hh 

signalling activity, I concluded that a Hh signalling activity gradient exists in the 

youngest lamina columns. However, it is possible that the lacZ perdurance 

occurs, rendering it less reliable as a readout of ptc expression levels. To 

confirm the expression levels of ptc, one could carry out an in situ hybridisation 

to measure presence of ptc transcripts within LPCs in the youngest lamina 

columns.  

Another measure of Hh activity could be through Smo phosphorylation, a 

key event in Hh signalling activation. A Smo phosphorylation reporter was 

characterised in cell culture and the wing disc previously (Kupinski et al., 2013). 

This reporter uses a conformation-sensitive cpYFP core of Inverse Pericam (IP) 

Ca2+ sensor which is genetically placed in the cytoplasmic tail of Smo (Nagai et 

al., 2001). When Smo is inactive, it is non-fluorescent, however, upon 

phosphorylation, the cpYFP core undergoes a conformational change such that 

it become fluorescent (Kupinski et al., 2013). The Smo phosphorylation reporter 

could be used in fixed or live tissue, and its fluorescence quantified to 

determine levels of Hh signalling activity.  
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6.3.1.2 What is the mechanism by which photoreceptors generate this 

morphogen gradient?  

Several mechanisms will be tested in the lab, including localised Hh 

secretion, a secondary source of Hh, and transcytosis. 

Firstly, Hh secretion from photoreceptors could be localised to the optic 

stalk region of their axons. Indeed, apart from the Hh::GFP puncta in the 

lamina, Hh::GFP was localised only to the optic stalk region of photoreceptor 

axons. This does suggest that there is a localised region of Hh secretion in 

photoreceptor axons, distal to the lamina. Disp is required for Hh release (Burke 

et al., 1999; Amanai and Jiang, 2001; Kawakami et al., 2002; Ma et al., 2002; 

Nakano et al., 2004; Tian et al., 2005; Roessler et al., 2009). By using an 

antibody for Disp, one could find out if there is a specific localisation of Disp 

and therefore Hh secretion. 

An alternative view is that photoreceptor derived Hh does not contribute 

to the Hh gradient in the youngest lamina columns. There is a cluster of cells in 

the central anterior boundary of the eye disc which express hh-gal4 (Figure 

5.8A). Hh could be secreted from these cells and travel via the optic stalk to the 

lamina. To test this, one could reintroduce Hh in photoreceptors only in a hhts2 

mutant background. If lamina neuron patterning is normal, this would suggest 

that photoreceptor derived Hh is responsible for lamina neuron patterning.  

Transcytosis is an attractive idea in which Hh is trafficked from cell to cell 

to reach its destination. During lamina development, glial cells could be 

responsible for trafficking Hh from photoreceptors to the lamina. They could 

239



release Hh from a singular point of origin, the optic stalk. To test this, one 

could mis-express RNAi or induce mutant MARCM clones for several factors 

known to be involved in this process. For example, Disp and Dlp have been 

shown to be involved in transcytosis in other contexts (Gallet, Staccini-Lavenant 

and Thérond, 2008; Sandoval et al., 2021). Another approach could be to 

disrupt glia development to see if removing glia altogether is sufficient to 

disrupt LPC patterning. To do this, one could mis-express ricin in glia, which 

would induce their cell death. Because glia are required for photoreceptor 

targeting, this experiment could result in aberrant photoreceptor targeting and 

disrupted lamina development. Another approach would be to express Disp-

RNAi in glia specifically. If glia release Hh to the lamina, this would depend on 

Disp, which is known to be required for Hh secretion in all other contexts 

(Burke et al., 1999; Amanai and Jiang, 2001; Kawakami et al., 2002; Ma et al., 

2002; Nakano et al., 2004; Hall et al., 2021; Sandoval et al., 2021).  
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