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Summary 

 

 

The development of organs, as the eye, requires the integration of two 

basic cell properties, proliferation and differentiation. In this thesis we have 

aimed to better understand the genetic networks coordinating these two 

properties using the eye of Drosophila melanogaster as a model system. We 

have further explored the extent of conservation/divergence of the discoveries 

made in Drosophila to a vertebrate model, the zebrafish. 

The eye of the fruit fly Drosophila melanogaster forms from the larval 

eye antennal imaginal disc, a sac-like structure composed by two apposing 

epithelial layers. One of them, the Disc Proper (DP), gives rise to the adult eye. 

The other one, the Peripodial Epithelium (PE), only gives rise to part of the 

adult head. In the first chapter of this thesis we analyze the eye antennal 

imaginal disc focusing on possible interactions between both epithelia. We 

found that PE and DP cells contact throughout the entire disc, and speculate 

about a possible role of these contacts for eye development. Also, we 

characterize a Dorsal/Ventral (DV) and a DP/PE restriction border that reinforce 

the idea that the PE might act as an organizer. In chapter 2 we analyze in detail 

the expression pattern of the transcription factor encoding gene homothorax 

(hth) relative to other early eye genes. We find that the anterior 

undifferentiated region of the eye disc can be further subdivided into two 

domains, being the most anterior of them characterized by the combination of 

Eyeless (Ey), Hth and Teashirt (Tsh). Here we provide evidence that this 

combination of transcription factors may function as a complex playing at least 

two roles in eye development: to prevent the premature acquisition of the eye 

progenitor cell fate and to promote the proliferation of the undifferentiated 

cells.  

Although DP and PE share the expression of some molecular markers, 

including the eye master gene ey, the transcription factor encoding gene tsh, is 

expressed mostly in the DP. In chapter 3 we present evidence that the artificial 

expression of tsh in the PE is able to generate ectopic eye induction. This re-

specification of the PE cells seems to be induced, in part, by allowing the 

activation of eye-specific genes by Wingless (Wg) and Decapentaplegic (Dpp) 

signaling pathways. These results, together with knock-down experiments 

using RNA interference, indicate a requirement of tsh for eye specification. 



Furthermore, we present evidence that tiptop (tio), a tsh paralogue, might act 

redundantly with tsh.  

Finally, in chapter 4 we extend our study to zebrafish in order to 

understand the role of the vertebrate hth homologues, the meis genes, in 

vertebrate eye development. Here we find that the Drosophila and zebrafish 

hth/meis genes share similar roles, being involved in both cases in the 

maintenance of the proliferative, multipotent cell state during eye 

development, pointing out that a major role of these genes is to control 

proliferation through the regulation of key cell cycle regulatory genes. 
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Resumo 

 

 

Para o perfeito desenvolvimento de um órgão existem duas 

características básicas que as células têm de coordenar, estas são: proliferação 

e diferenciação. Para o perfeito/correcto desenvolvimento de um órgão ‘e 

essencial a coordenação entre dois processos celulares básicos, proliferação e 

diferenciação. 

Neste trabalho temos como principal objectivo compreender as redes 

genéticas que regulam estes dois processos e para tal usamos, para tal 

usamos como sistema modelo o olho da Drosophila melanogaster. No último 

capítulo desta tese, com o objectivo de compreender se os mecanismos 

encontrados em Drosophila se encontram evolutivamente conservados, 

usamos o modelo animal, de vertebrados, o peixe-zebra (Danio rerio) 

“zebrafish”.  

Os olhos de uma mosca (Drosophila melanogaster) adulta, assim como 

as estruturas da cabeça, formam-se a partir do disco imaginal antena-olho. 

Este disco imaginal é composto por duas camadas mono-estratificadas de 

células. Uma destas camadas dá origem ao olho e a grande parte das 

estruturas da cabeça, pelo que se dá o nome de “Disc Proper” (DP). A outra 

camada dá origem apenas a algumas estruturas da cabeça e chama-se 

“Peripodial Epithelium” (PE).  

No primeiro capitulo desta tese foi encetada uma caracterização 

detalhada do disco imaginal olho-antena, prestando particular atenção ‘a 

possível existência de interacções entre o DP e o PE. Foi possível observar que 

ambos os epitelios estabelecem contactos celulares entre si, ao longo de todo 

o disco. Este estudo permitiu caracterizar duas barreiras de restrição clonal, 

uma na região dorsal/ventral do PE e outra entre o DP e o PE, o que fortalece a 

ideia de que o PE poderá funcionar como um “organizer”. No capítulo 2 

analisamos com detalhe o padrão de expressão de homothorax (hth). Aqui 

observamos que a região anterior do disco antena-olho se encontra dividida 

em dois domínios, sendo o mais anterior caracterizado pela presença de 

Eyeless (Ey), Homothorax e Teashirt (Tsh). Neste mesmo capítulo também 

encontramos evidências de que este conjunto de factores de transcrição 

desempenha duas funções distintas no desenvolvimento do olho: evita o início 
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prematuro da diferenciação e promove a proliferação de células 

indiferenciadas. 

Curiosamente, o DP e o EP partilham a expressão do gene chave para o 

desenvolvimento do olho, ey, no entanto tsh é expresso apenas no DP. No 

capítulo 3 desta tese demonstramos que a indução de expressão de tsh no PE 

transforma este em tecido de olho. Esta transformação cabeça/olho parece ser 

induzida, em parte, pela activação da expressão de genes específicos do olho 

pelas vias de sinalização de Wingless (Wg) e Decapentaplegic (Dpp). Estes 

resultados, juntamente com os de “knock-down” de tsh no disco antena-olho, 

sugerem que tsh é requerido para a especificação do olho. Também 

encontramos evidências de que tiptop (tio), um parálogo de tsh, poderá 

funcionar de uma maneira redundante com tsh. 

Por ultimo, no capítulo 4, estendemos este estudo ao peixe-zebra de 

modo a compreender qual a função dos homólogos em vertebrados de hth (os 

genes meis) no desenvolvimento do olho. Verificamos que a função dos genes 

hth/meis1 na manutenção da proliferação e de um estado celular 

indiferenciado, esta conservada na escala evolutiva. 
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Résumé 

 

 

Le développement des organes, comme l’œil, nécessite la coordination 

de deux caractéristiques basiques des cellules: la prolifération et la 

différentiation. Dans cette thèse, nous avons cherché à mettre en évidence les 

réseaux génétiques qui coordonnent ces caractéristiques en utilisant l’œil de 

Drosophila melanogaster comme modèle d’étude. Nous avons aussi exploré le 

degré de conservation/divergence des découvertes faites chez la Drosophila en 

les comparant avec un modèle de vertébré, le poisson zèbre (zebrafish). 

L’œil de la mouche du vinaigre Drosophila melanogaster est formé à 

partir du disque imaginal œil-antenne de la larve, une structure en forme de 

sac, composée de deux épithéliums juxtaposés. L'un de ces épithéliums, 

l’épithélium principal, donne naissance à l’œil adulte. L’autre, l’épithélium 

péripodial, donne seulement lieu à une partie de la tête adulte. Dans le premier 

chapitre de cette thèse, nous analysons le disque imaginal d’œil-antenne en 

nous concentrant sur des possibles interactions entre les deux épithéliums. 

Nous avons observé que les cellules de l’épithélium péripodial et de 

l’épithélium principal sont en contact sur toute la surface du disque et nous 

discutons sur le possible rôle de ces contacts dans le développement de l’œil. 

Nous avons également caractérisé une barrière de restriction dorsal/ventral 

(DV) et une barrière épithélium principal/épithélium péripodial qui renforce 

l’idée que l’épithélium péripodial puisse agir comme un organisateur. Dans le 

deuxième chapitre, nous analysons en détail le patron d’expression du facteur 

de transcription homothorax (hth) en comparaison avec d’autres gènes de 

l’œil, exprimés précocement. Nous avons observé que la région antérieure 

indifférenciée du disque d’œil, est définie par deux domaines, le plus antérieur 

étant caractérisé par la co-expression de Eyeless (Ey), Hth et Teashirt (Tsh). 

Nous avons démontré que cette combinaison de facteurs peut jouer au moins 

deux rôles dans le développement de l’œil : empêcher l’acquisition prématurée 

du destin cellulaire de l’œil et promouvoir la prolifération des cellules non 

différenciées. 

Bien que l’épithélium principal et l’épithélium peripodial expriment 

conjointement plusieurs marqueurs cellulaires (dont le gène maître de l’œil ey), 

le facteur de transcription tsh, s’exprime surtout dans l’épithélium principal. 

Dans le troisième chapitre, nous démontrons que l’expression artificielle de 
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tsh dans l’épithélium péripodial peut générer l’induction d’yeux ectopiques. 

Cette spécification des cellules de l’épithélium péripodial paraît être induite, en 

partie, en permettant l’activation des gènes spécifiques de l’œil par les voies 

de signalisation Wg et Dpp. Ces résultats, avec les expériences d’inhibition par 

ARN interférence, indiquent que tsh est requis pour la spécification de l’œil. De 

plus, nous démontrons que tio, un paralogue de tsh, peut agir de manière 

redondante avec tsh. 

Finalement, dans le chapitre 4, nous étendons notre étude au zebrafish 

pour comprendre le rôle que jouent les homologues d’hth, les gènes meis, 

dans le développement de l’œil des vertébrés. Nous avons observé que les 

gènes hth/meis de Drosophile et de zebrafish ont des rôles équivalents, en 

étant impliqués chez les deux espèces, dans le maintien de l’état pluripotent, 

non prolifératif des cellules pendant le développement de l’œil, ce qui indique 

que le rôle principale de ces gènes est de contrôler la prolifération en régulant 

des gènes clefs du cycle cellulaire. 
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General Introduction 

  
 
 
 
 
 
 
 
 
 



 



 

 

1- Drosophila melanogaster as a model to study eye development  

 

 

From the humble streets of New York in the early 1900´s, raised in the 

midst of the agitated markets of this boiling city, one of the most impacting 

characters in the history of Genetics stood up, the fruit fly (Drosophila 

melanogaster). In the early 1900´s Drosophila had been used in a few 

laboratories as a cheap and easy to use model organism replacing others more 

impractical ones, but it was only at Columbia University, in Thomas Hunt 

Morgan laboratory, where it finally met success. At this time the scientific 

community was still debating the Charles Darwin´s “Origin of species” theory, 

from which one of the aspects that raised more discussion was the mystery of 

heredity. How new traits where originated and by what means would they pass 

to the next generation?  

The first steps to understand the mechanisms of heredity were settled 

when Morgan identified for the first time a spontaneous mutation in 

Drosophila. Suddenly from the huge expanded stocks of WT red-eyes flies that 

Morgan kept in his lab a new white eyed fly appeared. Morgan realized that the 

eye color trait was transmitted to the next generation and would segregate in a 

similar way as predicted by Gregory Mendel’s theory. The only divergence was 

that eye color trait was some how connected to the fly gender, appearing more 

frequently in males than in females. In no time Morgan linked the Mendelian 

segregation of traits theory to the hypothesis proposed that chromosomes 

were the vehicles that transported these traits, having now a new extra 

important information, that the eye color trait was some how connected to the 

already known X chromosome. This was not the first light of the dawn of 

Genetics but was unquestionably one of its first brightest rays. 

From the early days in Morgan’s lab to the most recent years of the era 

of the genome, transcriptome and interactome, Drosophila has accompanied 

Genetics and the young offspring of Genetics and Embryology, Developmental 

Biology, through successive revolutions in biological sciences. Some times  

Drosophila was clearly marching in front of these revolutions, as it was the 

case of the discovery of the bithorax complex by Edward B. Lewis (Lewis, 

1978), a set of genes that together with other homeotic genes (collectively 



called the Homeotic complex, of when including their vertebrate counterparts, 

Hox genes) are able to attribute different identities to cells of each different 

embryonic segment. Some other times Drosophila was gratefully affected by 

other scientific revolutions, as it was the case of the development of molecular 

biology, which allowed its transformation into one of the most powerful 

modern genetic tools available nowadays (see point 2.2 of Introduction) 

(Brookes, 2001). 

Despite the highly productive scientific life of Drosophila melanogaster, 

only in mid 70´s the study of the development of the Drosophila compound 

eye really began. And this is surprising taking into account its conspicuous red 

color and its intricate structure, representative of the insect type of eyes: the 

compound eye. This type of eye is composed by several ommatidia, each one 

composed by lens, photoreceptors and pigment cells, forming a tiny functional 

unit of vision. Setting the start point of this journey through the mechanisms 

of eye development was a classic paper published by Ready and coworkers 

(Ready et al., 1976), in which the authors describe major cellular events 

occurring during eye development, as the movement of the morphogenetic 

furrow or the existence of a cellular mitotic wave that precedes the 

differentiation of photoreceptors. 

Although the early years of the study of eye development where mostly 

dealing with the description of the cellular mechanisms present in this process, 

later on the genetic mechanisms started to be understood by genetic 

dissection, through the isolation and study of mutants that affected eye 

development. 

More recently some significant discoveries have been achieved, among 

them the discovery of the genes responsible for the specification of the eye, 

the eye master genes eyeless (ey) and twin of eyeless (toy), together with the 

finding  that these genes have their counterparts orthologs in vertebrates 

being their function conserved from flies to Humans (see point 3.2.1.1.1 of 

introduction). These findings showed us that Humans and flies share a 

considerable amount of characteristics, point that for sure eases the answer for 

the continually raised question: “Why to study Drosophila melanogaster eye 

development?” This similitude between vertebrate and Drosophila eye 

development is not only restricted to the eye master genes, it was also found 

that some core components of the genetic network for eye development, are 

also conserved. This might raise the possibility that, together with the players 



in eye development, the genetic mechanisms might also share a similitude 

(Pichaud et al., 2001; Treisman, 1999). 

 

 

 

2- Drosophila melanogaster: General aspects  

 

 

2.1-Life cycle: A short introduction from the eye point of view. 

 

 

Several characteristics make Drosophila a great model system to study. 

It is easy and cheap to culture, keeping many genetically different strains is not 

space consuming, and its 

life cycle is considerably 

short. When cultured at 25ºC 

it only requires ten days to 

develop from a fertilized 

embryo to a fully fertile 

adult. In this way classic 

genetics is feasible since in 

ten days after a cross it is 

possible to analyze its 

progeny and use it to 

generate another cross. 

The development of 

Drosophila is divided in 

three major stages, 

embryonic, larval and pupa 

(Fig.1). It is during the 

embryonic stage, which lasts 

approximately 24 hours that 

all the larval structures will 

be formed, including the 

larval visual system, also 

known as the Bolwig´s 

 

Figure 1. Diagram of the Drosophila 
melanogaster life cycle. At 25º C 
embryogenesis takes place in 22-24 hours (h) 
recently laid embryo reaches the first instar 
larval sage (L1). L1 and L2 take about 24 h 
each, and L3 approximately 48 h. L3 ends with 
the formation of the pupa. Metamorphosis 
within the pupa takes 96 h and then the adult 
hatches. Sexual maturity is attained about 8 h 
after hatching.  



Organ (BO). The larva will 

grow mostly by 

polyploidization, so its cells 

increase in size, and undergo 

two molts separating three 

larval instars: L1-3. At the end 

of L3, the larva will wonder to 

find a spot where to pupate. 

During the pupa stage, 

Drosophila will undergo 

metamorphosis: most of the 

larval tissues will histolyze, 

while the imaginal discs, adult 

primordia set aside during 

embryogenesis, will fuse and 

suffer morphogenesis, to give 

rise to the adult or imago. 

One particular set of these 

primordia originate as fold-ins 

(or invaginations) of the 

embryonic epidermis forming 

a small flat sack of cells that, 

latter on, will give rise to most 

of the adult epidermis. Since they are the precursors of the adult structures 

they were called imaginal discs, from the Latin word “imago” meaning adult. 

There are different types of imaginal discs, depending on the structure that 

they will develop into (Fig.2), and for each type, a pair of imaginal discs exists 

in an embryo, with the exception of the unpaired genital-anal disc. Each 

imaginal disc of a pair will give rise to half an adult structure. For instance the 

adult head arises from a pair of eye-antennal imaginal discs, each one giving 

rise to one eye, one antenna and half of the fly head. 

The larva undergoes three larval stages, L1 to L3, each separated by a 

molt. During these three instars, imaginal discs cells proliferate and become 

patterned into different adult organ primordia. At their onset, imaginal discs 

are flat sacs composed of cells uniformly cuboidal, but as larval development 

proceeds, cells on either side of the imaginal disc sac will adopt one of two 

 
 
Figure 2. Imaginal discs. This figure depicts the 
correspondence between some of the third 
instar larval imaginal discs and the adult 
structures they will form. Leg, eye-antennal, 
halter and wing imaginal discs and their 
respective adult structures are colored In red, 
blue, purple and green, respectively. Adapted 
from (Green et al., 1993). 



morphologies: columnar or squamous. The columnar side will give rise to adult 

cuticular structures and is thereof called Disc Proper (DP), or main epithelium. 

The squamous side is called Peripodial Epithelium (PE) and works during 

imaginal disc eversion and fusion, although some restricted adult structures 

also arise from this epithelium (Milner et al., 1983).  By the end of L3, most 

imaginal discs have been specified, grown and patterned as precursors of adult 

structures. This developmental point is marked by a surge of the steroid 

molting hormone 20E or ecdysone that instruct the imaginal discs to evert 

(Fig.3). reversing their folded-in topology inherited since embryogenesis, so 

the apical faces of cells will 

face the exterior (Fristrom 

and Fristrom, 1993; 

Guillermet and Mandaron, 

1980; Milner et al., 1983). 

The final stage of 

development is pupation. 

This stage takes 6 days to 

be completed and is when 

imaginal discs differentiate 

and fuse together to give 

rise to the continuous 

epidermis of the adult 

(Fig.3). During pupation 

apoptosis plays an 

important role, being 

induced in a controlled 

manner in order to adjust 

the total number of cells of 

the adult structures.  

 

 

 

 

 

 

 

 
Figure 3. Eversion and fusion of imaginal discs. 
1: Diagram of the eversion of a wing imaginal 
disc. Imaginal discs are sac-like structures 
composed by two apposing layers, the disc 
proper (DP, also called main epithelium) and the 
peripodial epithelium (PE) (A red). In L3 discs, 
DP cells are columnar while PE cells are flatter 
and squamous epithelium (B). During initial 
stages of pupation, the PE suffers some 
changes in morphology (C), exerting a 
mechanical force needed for the eversion of the 
disc (D). 2: Diagram of wing imaginal discs 
fusing together during pupation. Imaginal discs 
fuse together in order to form a complete adult 
epidermis. In this fusion some PE play and 
essential role (green). Diagram from (Gibson 
and Schubiger, 2001). 



2.2-Modern genetic tools for loss and gain of function studies in 

Drosophila melanogaster 

  

This introduction is by no means exhaustive, but intends to give the 

background to the techniques used in this thesis. For more complete 

references, please go to “References”. 

As a heritage from the long history of Drosophila melanogaster as a 

model organism in the study of genetics, came its tremendous development as 

a genetic tool. This development expanded, not only in the diversity of the 

techniques, but also in their complexity. Therefore, since most of these 

procedures are not straight-forward, here I present a brief introduction to 

those ones that were used in this thesis. 

One of the most powerful genetic techniques in Drosophila derives from 

the use of P-elements (Bingham et al., 1982). P-elements are naturally 

occurring transposable elements, but luckily absent from the flies originally 

used to set the stocks later propagated for their use in Drosophila genetics.  

P-elements have terminal repeats that allow their mobilization within the 

genome and their mobilization is mediated by the enzyme transposase, which 

is encoded in the P-element. These elements where manipulated and used as 

cargoes for efficient transgenesis in Drosophila (Rubin and Spradling, 1982). 

These engineered P-elements are devoid of transposase (therefore, require 

transposase in trans for the mobilization) and marked by genetic markers that 

allow the identification of  integration events in the genome, such as the eye 

color markers white or rosy, or more recently Green Fluorescent Protein (GFP). 

Rising from this post P-element era came other powerful techniques as 

Enhancer Trapping. This technique consists in the use of a modified P-

element harboring a reporter gene, for instances β-galactosidase (O'Kane and 

Gehring, 1987; Wilson et al., 1989). This P-element is randomly mobilized into 

the fly genome and whenever the p-element is integrated nearby a strong 

positive regulatory region, the reporter gene starts to respond to it. This way 

the reporter gene reproduces part or completely, the expression pattern of the 

nearby gene(s) (Fig.4A). By this reason these lines are often called reporter 

lines. Nevertheless a reporter line is not by default an enhancer trap. Many 

reporters are generated by directly cloning a possible regulatory region of a 

gene into a P-element containing the reporter gene and a basal promoter 

(Fig.4B). 



One method that 

was developed to better 

control the temporal and 

spatial expression of 

transgenes, and that 

nowadays is massively 

used by the fly 

community, is the 

GAL4/UAS system. This 

was adapted from the 

yeast Saccharomyces 

cerevisiae (Brand and 

Perrimon, 1993) and 

consists in a binary 

system that in one hand 

has the transgene to be 

expressed, cloned in a P-

element adjacent to a 

yeast promoter (UAS or Upstream Activating Sequence) and in the other hand 

has the driver that is composed by a regulatory region that directs the 

expression of the yeast transcription factor GAL4 that binds to the UAS 

activating the expression of the downstream gene. This way the transgene is 

expressed in the same place and at the same time than the GAL4 is (Fig.5A). 

Since this is a binary system the common way to generate a GAL4/UAS fly is by 

crossing one GAL4 transgenic line, or driver line to a UAS transgenic line. GAL4 

lines, as reporter lines, may be generated by enhancer trapping or by direct 

cloning of a regulatory region near by the GAL4. More recently the GAL4/UAS 

system has also been applied to the use of double stranded RNA (dsRNA) for 

gene knock-down (Kennerdell and Carthew, 2000). In this way it is possible to 

use RNA interference in specific stages and tissues, avoiding embryo 

injections, which might affect development too early for imaginal studies.  

Another system adapted from the yeast to Drosophila is the FLP/FRT 

system (Golic and Lindquist, 1989). This system is frequently used to generate 

clones of cells of a given genotype within a heterozygous but otherwise normal 

tissue environment. This procedure, that allows the generation of mosaic 

animal at different time points during development, allows overcoming the 

 
 
Figure 4. Current genetic techniques used in 
Drosophila melanogaster. A: Enhancer trapping – A 
transposon containing a minimal promoter and a 
reporter gene (β-galactosidase) is able to respond to 
enhancer elements, when mobilized randomly in the 
fly genome, generating a reporter line. LTR - Long 
Terminal Repeat of the transposable element. B: 
Reporter construct – Other reporter lines may also be 
built generating a transgenic strain using a 
transposable element harboring a particular positive 
regulatory region (enhancer) controlling the 
expression of a reporter gene.  



 
 
 
 

 
 
 
Figure 5: Current genetic techniques used in Drosophila melanogaster. A: 
GAL4/UAS system – The yeast transcription factor GAL4 is able to activate the 
expression of genes downstream of the Upstream Activating Sequence (UAS). This 
system is binary, comprising two different types of transgenic strains: a driver 
expressing GAL4 in a particular spatial-temporal pattern, and a responder which 
harbors the gene to be expressed cloned downstream of the UAS sequences. B: 
Flip/FRT system – The yeast recombinase Flipase is able to generate mitotic 
recombination in homolog chromosomes that have Flipase Recombination Target 
(FRT) sequences at the same locus. In this case schematized in the figure, the cell 
is trans-heterozygous for a marker gene and a mutation. After mitosis, two of the 
four possible recombination products end in one of the daughter cells inheriting 
the mutation in homozygosis and losing the genetic marker. The sibling, on the 
contrary, carries two copies of the wild type allele plus two copies of the genetic 
marker. They will give rise to two marked cell clones: the “mutant” (negative for 
the marker) and the “twin-spot” (with two copies of the marker). Heterozygous cells 
will carry one copy of the marker, so 0, 1 and 2 copies of the marker are 
distinguishable in the tissue and correspond to the -/-, -/+ and +/+ genotype of 
the gene under study.C: Flip Out system – Flipase is able to excise DNA if two FRT 
sequences are close together. In this case the FRT sequences flank a transcription 
termination site that is impeding the transcription of GAL4 by the activity of a 
Ubiquitous (Ubiq) promoter. The activity of flipase excises this sequence 
generating a ubiquitous GAL4 expressing cell. The expression of flipase may be 
induced through heat-shock inducible promoters or tissue specific enhancers, so 
gene expression is turned on at specific times or tissues, respectively, during 
development  
 



Figure 6. Current genetic techniques used in Drosophila melanogaster. MARCM 
(Mosaic Analysis with a Repressible Cell Marker) system – In this system mitotic 
recombination is used to generate clones of cells that are either homozygous 
Mutant or homozygous for a constitutively expressing GAL80 transgene, in a 
GAL4-expressing background. In a GAL80 homozygous condition, GAL4 activity 
is repressed by GAL80 and thereof gene expression downstream of the UAS is 
not allowed. On the contrary, in cells homozygous for the mutation under study 
(or just simply wild type, if the purpose is just gene expression induction) 
GAL4/UAS driven gene expression occurs within the Gal80-negative cell clone. 
The expressing clone can be positively marked if, in addition to the UAS-gene 
of interest, an UAS-reporter (such as GFP) is introduced in the background. 

embryonic lethality of most developmental mutations in homozygosity, thus 

allowing the study of their function during later stages. This method is based 

on a yeast recombinase, flipase (FLP), that acts upon some DNA specific sites 

called Flipase Recombination Target (FRT) sites, which are absent from the 

Drosophila genome. Both FLP (expressed under, for example, a heat-shock 

promoter) and FRT sites are brought into the Drosophila’s genome through P-

element-mediated transgenesis. If these FRT sties are located at the same 

chromosomal location on homologous chromosomes (i.e. in trans), FLP will 

mediate the crossing-over at that site, allowing the efficient recombination of 

chromosomal arms (Fig.5B). If the FRT sites are located on the same 

chromosome (i.e. in cis), FLP will mediate the recombination away of the 

intervening DNA sequenced flanked by the sites (“flip-out” of DNA). This is the 

basis for another genetic technique, the Flip-Out system which in combination 

with the G4/UAS system becomes a powerful technique to induce gene 

expression in cell clones (Fig.5C) (Struhl and Basler, 1993).  



Finally the MARCM (Mosaic Analysis with a Repressible Cell Marker) (Lee 

and Treisman, 2001) is another technique in which are combined the FLP/FRT 

and the GAL4/UAS systems together with the use of the GAL4 activity 

repressor, GAL80. This system allows the induction of clones that are 

simultaneously a loss of function for a gene and a gain of function for another 

gene (Fig. 6). 

 

 

 

3-The Drosophila visual systems 

 

 

Drosophila melanogaster develops two sets of light detecting organs. 

The larval “eye”, called Bolwing’s Organ (BO) (Bolwig, 1946), is a group of 

twelve photoreceptors that act as light detector allowing orientation of the 

larva during burrowing and circadian rhythm entrainment (Busto et al., 1999; 

Hassan et al., 2000; Kaneko et al., 1997; Malpel et al., 2002; Malpel et al., 

2004; Sawin-McCormack et al., 1995). The second set comprises the adult 

compound eye and the ocelli, both located in the head. These two sets of 

visual organs differentiate in two separate, successive phases. The BO is 

formed during embryogenesis (Schmucker et al., 1997; Suzuki and Saigo, 

2000), while the differentiation of the adult eye and ocelli takes place during 

late larval life and early pupa (Ready et al., 1976). 

In Drosophila, both the larval and the adult visual systems arise from the 

unpaired embryonic eye anlage, which maps to the dorsal medial region of the 

embryonic head (Green et al., 1993; Namba and Minden, 1999). This eye 

anlage splits, during gastrulation and germ band elongation, into three 

distinguishable domains, the head midline ectoderm, the protocerebral 

neurectoderm and the embryonic eye field (Jaw et al., 2000). This latter is 

further subdivided into the larval and adult eye primordia and the inner and 

outer optic lobes (Cheyette et al., 1994; Daniel et al., 1999; Green et al., 1993) 

(Fig.7).  

The delayed post-embryonic development of the adult eye of 

holometabolous insects, like Drosophila, is a derived character. In 

hemimetabolous insects, such as the locust Schistocerca (the grasshopper), 

that show a more “primitive” eye development, the embryonic and 



postembryonic eyes develop one after the other without any intervening time 

gap, with the postembryonic eye differentiation increasing the size of the 

previously formed embryonic eye. Nevertheless, the mechanisms underlying 

embryonic and postembryonic eye development in direct developers, such as 

the grasshopper, might be different (Friedrich, 2003). In a way, insects had to 

invent a way to postpone adult eye differentiation and, as a consequence, a 

way to trigger it later on in a post embryonic stage, along their evolutionary 

path from hemimetabolia to holometabolia (Friedrich, 2003; Friedrich, 2006). 

 

 

3.1- The larval visual system.  

 

BO and adult eye, in addition to derive from a common eye field, share 

the expression of and requirement for several genes, including the nuclear 

proteins encoding genes eyes absent (eya) and sine ocullis (so), this latter a 

marker of the eye field, and the signaling molecule Hedgehog (Hh) (see below). 

Mutant embryos for any of these factors are not able to undergo photoreceptor 

differentiation. Also atonal (ato), a visual-specific proneural bHLH gene is not 

detected in these mutant conditions (Daniel et al., 1999; Suzuki and Saigo, 

2000). Not surprisingly, ato is also essential for compound eye development, 

being expressed in the pre-proneural (ppn) region and R8, the first 

photoreceptor to differentiate (Jarman et al., 1994), during adult eye 

differentiation (see below).   

 
Figure 7. Dorsal view of a Drosophila melanogaster embryo showing the 
embryonic eye field (A) and its later derivatives (B), after the visual primordium 
has split into larva and adult eye, and inner and outer optic lobe. Adapted from 
(Jaw et al., 2000). 
 



The BO primordium is formed at embryonic stage 10 (Campos-Ortega 

and Hartenstein, 1997), when a group of so and eya positive cells, that border 

with hh expressing cells, start to express ato. At stage 11, the neuronal marker 

elav starts to be expressed in all the ato positive cells. Later on at stage 12 

differentiation starts, and ato expression gets restricted to a group of primary 

photoreceptors (PRs). Between stage 12 and stage 13 more cells from the 

group of elav positive cells are recruited to differentiate into photoreceptors, 

possibly trough the action of the epithermal growth factor receptor pathway 

(EGFR) (Daniel et al., 1999), forming the completely differentiated BO. At this 

stage kruppel (kr), a marker of BO differentiated photoreceptors, starts to be 

expressed. Interestingly, during BO differentiation, the fact that elav starts to 

be expressed before differentiation could mean that neuralization precedes 

photoreceptor specification (Daniel et al., 1999; Suzuki and Saigo, 

2000)(Fig.8). Each larva has a pair of BOs that are located bilaterally in a 

dorsomedial position of the head, encased in the head skeleton. 

The axons of BO PRs fasciculate at the Bolwing’s Nerve (BN), which 

projects towards the brain, consistently following a reproducible pathway. It 

extends towards the Optic Lobe Anlagen (OLA), that corresponds to the future 

 
Figure 8.  BO development. The BO primordium (BOP) arises at stage 10 (St 
10) from a group of eya and so positive cells adjacent to hh expressing 
cells.  At stage 11 (St 11), elav starts to be expressed in the BOP, giving rise 
to the first cluster of differentiated PRs (St 12). Later on, at stage 13 (St 13) 
more photoreceptors are recruited, possibly mediated by the primary PR 
cluster trough the activity of EGFR, forming the completely differentiated 
BO. Adapted from (Suzuki and Saigo, 2000). 
 



Optic Lobe (OL), where it 

gets attached firstly at the 

position P1 at stage 13 

(Fig.9) (Schmucker et al., 

1997), then while the nerve 

is growing in a intercalary 

mode, between the PR cell 

bodies and P1, the distal 

tip of the nerve starts to 

elongate along the surface 

of the OLA until it contacts 

with position P2, at stage 

16. Finally, after reaching 

P2, the nerve grows until 

reaching a group of 

synaptic target cells (T) in 

the central nervous system. Interestingly, we have identified the embryonic eye 

primordium as P1 (see Chapter 1). 

During postembryonic development, the BO becomes part of the adult 

eye forming the extra-retinal Eyelet, being located beneath the posterior 

margin of the compound eye (Kaneko et al., 1997).   

 

 

3.2-The adult visual system: Introduction to the Drosophila eye 

development 

 

The adult Drosophila eye is composed by 750 to 800 photosensitive 

units, or ommatidia, that are arranged in a precise hexagonal array. Each 

ommatidium, in its turn, is composed by 8 photoreceptors, 4 cone cells, 6 

pigment cells and an inter-ommatidial bristle organ, usually placed in-between 

ommatidia (reviewed in (Wolff and Ready, 1993)). During the pupa stage these 

cells pass from a tightly compacted conformation to be arranged in a rod 

shape structure of mature ommatidia. The differentiation of the eye occurs 

within the eye-antennal disc complex (EADC). 

The EADC gives rise to most structures of the adult head, including the 

eye, the antenna, the maxillary palp and the head capsule, which bears the 

 
Figure 9. The Bolwig’s Nerve (BN) pathway during 
embryogenesis. Axons of the Bolwig’s Organ (BO; 
green) fasciculate as the BN, which always follows a 
consistent pathway towards the brain. After eye 
disc primordium invagination, during late 
embryogenesis, the BN interacts with this disc 
primordium (red; Chapter 1).  Afterwards it gets 
attached to the Optic Lobe Anlagen (P1 point), 
reaching P2 then grows to a small target area in 
the central brain (T). Adapted from (Schmucker et 
al., 1997). 



ocelli. It has its origin in the coalescence of cells from a number of segments 

of the embryonic head (Jurgens and Hartenstein, 1993). This disc is set aside 

during late embryogenesis and invaginates along with the larval head (Jurgens 

and Hartenstein, 1993). During L1, the EADC is an epithelial sac of about 30 

cells and is  characterized by the expression of   two Pax6 genes, ey and toy 

(Czerny et al., 1999; Quiring et al., 1994). The epithelium is monolayered and 

cells are morphologically similar. By L2, the EADC is constricted forming two 

lobes: the anterior one is the antennal disc and the posterior the eye disc.  At 

this time, the expression of the gene cut characterizes the antennal disc while 

ey expression becomes restricted to the eye disc part (Kenyon et al., 2003). 

This distinction is followed by further genetic and cell-shape changes. One of 

the two layers of the epithelial sac thickens and becomes columnar, while the 

cells opposing thin and become squamous. The columnar cells will form the 

disc proper (DP), and will develop into adult structures (including the antenna 

and the eye), while the squamous cells form the peripodial epithelium (PE) will 

only give rise to a small region of the head surrounding the eye (Haynie and 

Bryant, 1986) (Fig.10). Although PE main function has been attributed to disc 

eversion and fusion during pupa stages (Fristrom and Fristrom, 1993; Milner et 

al., 1983), recently it also has been proposed that the PE might have an active 

role during eye differentiation (Cho et al., 2000; Gibson and Schubiger, 2000; 

Gibson and Schubiger, 2001). In the eye disc specifically, the PE and DP 

morphological changes coincide with the co-expression in the posterior part of 

the disc of eya and so, members of the Retinal Determination gene Network 

(RDGN) (Kenyon et al., 2003; Kumar and Moses, 2001) and of the zinc finger 

gene teashirt (tsh; see Chapter 3). During L3 PE cells closest to the DP adopt a 

cuboidal morphology, give rise to head capsule (Haynie and Bryant, 1986) and, 

in the posterior eye disc margin, they specialize as the signaling center that 

triggers retinal differentiation at the beginning of L3 (the so-called firing point, 

(Treisman and Heberlein, 1998)). 

From the firing point, a differentiation wave is triggered which is 

characterized by an indentation of the DP epithelium, the so-called 

Morphogenetic Furrow (MF) (Ready et al., 1976). The MF moves across the eye 

disc in the anterior direction and leaves behind, in the posterior region, 

clusters of differentiating cells that form the ommatidial precursors (Ready et 

al., 1976). The MF coincides with an important signaling center, where Hh, 

Decapentaplegic (Dpp), Notch (N) and Epidermal Growth Factor Receptor 



 
 
 
 
 
 
 
 
 

 
Figure 10. Fate map of the eye-antennal imaginal disc. (A) represents a DP 
confocal section of a late L3 eye antennal imaginal disc, (B) is a vertical cross 
section of the same disc and (C) a schematic of an adult head with the 
correspondent colored coded structures that are originated from (A) and (B). In (A) 
DP is in red. Green denotes differentiating ommatidia. The process of retinal 
differentiation is preceded by two different states, Specification and 
Determination. Blue represents the margin (A) and the Peripodial Epithelium (PE, B) 
Margin continues seamlessly into the PE, which overlays the DP. Margin plus PE 
give rise to the surrounding head capsule tissue of the adult head (C). Pale blue in 
A and B represents the tissue that will give rise to the rest of the adult head. Dark 
blue (A and B) represents the optic stalk that in the adult is an internal structure 
that connects the eye to the brain. Yellow in A and B marks the antenna 
primordium, and in C the adult antenna. Dark green (A) represents the tissue that 
will give rise to the ocelli (C). Purple in A and B gives rise to the maxillary palps (C). 
Dorsal (D), Ventral (V), Anterior (A) and Posterior (P). Adult head drawing adapted 
from (Bryant, 1978) 
 



(EGFR), signals are required for proper eye differentiation (Baker, 2002; Curtiss 

and Mlodzik, 2000; Dominguez and Casares, 2005; Greenwood and Struhl, 

1999; Kumar, 2002). Although these different signals have distinct roles in eye 

development, together they coordinate cell differentiation with cell 

proliferation (Pappu and Mardon, 2002). Therefore in Drosophila, differently 

for what happens in vertebrate eye development (Kay et al., 2005), the spatial 

position of a cell relative to the MF defines its differentiation status as 

specified (most anterior), determined (anterior adjacent to the MF) or 

differentiated (posterior to the MF). 

 

 

 

3.2.1- Genetic mechanisms regulating eye development 

 

 

3.2.1.1- The Retinal Determination (RD) genes 

 

The Retinal Determination genes (RD) (Chen et al., 1999) is a group of 

genes composed by ey, toy, eya, so and dachshund (dac) that share a number 

of properties: First, they all are essential for eye development. Second, their 

ectopic expression is able to induce ectopic eye formation in many tissues, 

even  more  efficiently if co-expressed with other RD genes. Third, at least Eya, 

So and Dac directly interact and, in specific circumstances, they cross-regulate 

each other’s expression (Bonini et al., 1997; Bonini et al., 1993; Chen et al., 

1997; Cheyette et al., 1994; Halder et al., 1998; Halder et al., 1995; Kenyon et 

al., 2003; Mardon et al., 1994; Quiring et al., 1994; Shen and Mardon, 1997). 

 

 

3.2.1.1.1- The Eye Selector Genes (ESG) 

 

eyeless (ey) mutants have been described quite early in Drosophila 

history showing the striking phenotype of reduction, or complete loss, of the 

compound eyes (Hoge, 1915). It was later found that ey, which encodes a 

transcription factor with two DNA-binding domains (a Paired Domain (PD) and a 

Homeodomain (HD) (Fig.11)) has orthologues in vertebrates, the pax6 genes 

(Quiring et al., 1994). pax6 mutants also show a defects in eye development, 



as observed in small eye mouse and rat mutants (Hogan et al., 1988; Matsuo et 

al., 1993), and in Humans in the Aniridia mutation (Ton et al., 1991). 

Furthermore, when ectopically expressed in other tissues than the eye disc, ey 

has the remarkable ability of inducing ectopic eyes (Halder et al., 1995). These 

characteristics of necessity and sufficiency for eye development granted 

ey/pax6 the status of “master control gene for eye development”, or “eye 

selector gene” (reviwed in (Gehring, 2002)).  

The Drosophila genome carries two pax6 paralogues: ey and toy. Ectopic 

expression experiments show that toy also induces ectopic eyes. toy 

expression is turned on before, and independent of that of ey in the embryonic 

eye disc primordium, and is required for ey. Therefore, toy acts as an ey 

upstream regulator (Czerny et al., 1999), directly regulating the eye-specific 

enhancer of ey (Hauck et al., 1999). In addition, both ey and toy share similar 

disc expression patterns being the first of the RD genes to be expressed in the 

eye primordium. They are homogeneously expressed in L1 eye-antennal 

imaginal discs (Czerny et al., 1999; Quiring et al., 1994). Later on, during L2 

ey/toy expression becomes restricted to the posterior lobe of the disc, defining 

the eye disc, while the anterior lobe, cut-expressing lobe, becomes fated as the 

 

 
Figure 11. Schematic representation of most important proteins required 
during Drosophila retinal specification and determination. Proteins are N 
terminal left-handed and C terminal right-handed oriented. Length of each 
protein in amino acids (aa) is present near the C terminal domain. Conserved 
domains between Drosophila and vertebrates are highlighted: Paired Domain 
(PD); Homeodomain (HD); proline-, serine- and threonine-rich (P/S/T-rich) 
domain; Eya domain (EYAD); Six (SIX) domain; trinucleotide repeat (Q) 
domain; Dac domain (DACD); Zinc finger (ZN) domain; Homothorax-Meis (HM) 
domain; pre-B cell (PBC) domain; The relative distance between the conserved 
domains as well their size is only approximated. 



antennal disc (Kenyon et al., 2003). As soon as eye differentiation starts, toy 

and ey remain expressed in the region anterior to the MF (Fig.12), in cells 

competent to form eye, but still undifferentiated. Interestingly, one exception 

to the rule that ey expression correlates with eye development in the eye-

antennal disc is its expression in the PE, a region that does not develop as eye 

(see Chapter 1 and 2). This observation begs the question of what factors 

distinguish PE from DP to allow the latter to initiate the eye-differentiation 

program. This problem is tackled in Chapter 1. Furthermore, ey and toy, the 

“eye selector genes”, are the first of the RD genes to be expressed in the eye. 

The rest of the RD genes (eya, so and dac), also called “Early Retinal Genes” 

 

 
Figure 12. Schematic representation of the expression pattern of Retinal 
Determination genes, other genes involved in retina differentiation (optix, hth, 
tio and tsh) and ligands of the major pathways involved in the transition from 
Specification to Determination states (Hh, Dpp, and Wg) during L1 to L3. The 
Disc Proper (Red), margin (blue) and differentiated domains (green grid) are 
represented. Dark bars correspond to the expression pattern of each gene. 
Dark gradient correspond to the diffusion of the ligans Wg, Hh and Dpp, 
respectively. Dark red marks the Morphogenetic Furrow. Dorsal (D), Ventral (V), 
Anterior (A) and Posterior (P). 



(ERG) (reviewed in (Dominguez and Casares, 2005)), start to be expressed later 

on development, at L2, after eye and antenna primordia have been specified 

(Fig.12). Interestingly, the ESG show a strong ability to, direct or indirectly, 

activate the expression of the ERG, although the ESG and the ERG expression is 

separated in time, reinforcing the idea that factors other than RD genes are 

required to trigger eye differentiation downstream of ey and toy. 

 

 

3.2.1.1.2- The Early Retinal Genes (ERG) 

 

The first mutations in eya, where named after the eyeless phenotype 

they produced (Sved, 1986). Nevertheless other eya alleles result in lethality, 

demonstrating that this gene is not only required for eye development, and so 

its expression pattern is not restricted to the eye disc (Bai and Montell, 2002; 

Bonini et al., 1998; Fabrizio et al., 2003). eya encodes a novel nuclear protein 

that functions as a transcriptional cofactor with So and Dac. Eya proteins is 

composed by two Eya domains, conserved from insects to vertebrates, (EYAD1 

and EYAD2), whose main role seems to be protein-protein interaction, in 

particular with So (Silver and Rebay, 2005) and Dac (Chen et al., 1997), and two 

proline-, serine- and threonine-rich (P/S/T-rich) regions, which seems to be 

required for the transactivation of target genes ((Hsiao et al., 2001; Silver and 

Rebay, 2005)) (Fig.11). Eya, So and Eya, Dac, when expressed ectopically, can 

synergistically interact in order to generate ectopic eyes (Chen et al., 1997; 

Kenyon et al., 2003). Furthermore, Eya and So form a potent transcriptional 

activator, being this ability dependent on a recently found phosphatase activity 

of Eya (Li et al., 2003; Rayapureddi et al., 2003; Tootle et al., 2003), which 

gives Eya the potential to act beyond the classical transcription factor 

definition. eya is first expressed in the eye disc at second instar larva being its 

expression pattern  restricted to the posterior region of the disc.  Later on in 

the third instar larva eya is expressed in the anterior adjacent cells of the MF 

and in the posterior differentiated cells (Bonini et al., 1993) (Fig.12). 

so belongs to a SIX class of transcription factors and is conserved from 

flies to vertebrates, having as vertebrate ortholog the holomogs, six1 and six2 

(Seo et al., 1999). so encodes a protein that has a conserved HD (Cheyette et 

al., 1994) as a DNA binding domain, and a SIX domain (reviewed in(Kawakami 

et al., 2000)) which works as a protein binding domain (Fig.11). It has been 



shown that this protein can directly bind to Eya, the transcriptional repressor 

Groucho (GRO) and So Binding Protein (SBP) (Kenyon et al., 2003; Silver and 

Rebay, 2005;  Kenyon et al., 2005). Null mutants for so are embryonic lethal, 

but some heteroallelic so combinations, or the induction of homozygous 

mutant clones in the eye disc, result in a significant reduction in the adult eye 

size, possibly as a consequence of an increase in cell death observed in L3 eye 

discs, anterior to the MF (Cheyette et al., 1994). On the other hand, the ectopic 

expression of so is able to induce ectopic eye differentiation (Weasner et al., 

2007). It is also interesting to note that So binding sites are found in one of its 

own regulatory regions and in one ey enhancer (Pauli et al., 2005), illustrating 

the many feedback loops functioning in the RD genetic network. As an ERG, so 

starts to be expressed only in L2 eye discs, after eya first expression. Later on 

in development, so and eya are expressed in similar patterns, both ahead and 

posterior to the MF (Cheyette et al., 1994; Serikaku and O'Tousa, 1994). 

dac, the last member of the ERGs, is distantly related to the   family of 

Ski/SnoN proto-oncoproteins (Caubit et al., 1999; Hammond et al., 1998; 

Kozmik et al., 1999; Mardon et al., 1994). Its region of homology between 

their homolog counterparts is limited to three specific domains, two protein 

domains called Dachshund Domain1 (DD1) and Dachshund Domain2 (DD2), 

and a trinucleotide repeat (Q) (Hammond et al., 1998) (Fig.11). Of these three 

domains, the domain that seems to be absolutely required for Dac function, in 

dac mutants rescue experiments (Tavsanli et al., 2004), is the DD1, that also 

has been identified as a potent transcriptional activation domain by yeast two 

hybrid experiments (Chen et al., 1997). Also, it was shown by Ikeda and 

coworkers (Ikeda et al., 2002) that this same domain of the mouse ortholog 

Dach1 is able to bind to DNA. The DD2 domain is though to interact with the 

ED domain of Eya (Chen et al., 1997), and it has been shown to be required to 

enhance the DD1 activity. The non-conserved Dac N-terminal and middle 

domains (between DD1 and DD2) seem to confer protein stability (Tavsanli et 

al., 2004). In the eye disc dac starts to be expressed in L2, only after eya 

activation. At this stage, dac is expressed similarly to eya (Fig.12). In L3, once 

retinogenesis has started, dac is expressed in the MF and the cells immediately 

posterior to it, so the anterior limit of its expression coincided with that of eya, 

but contrary to eya, its expression fades away posterior to the MF (Fig.12) 

(Mardon et al., 1994). Similar to the case of eya and so, some dac hypomorphic 

combinations have strongly reduced eyes, affecting in particular MF initiation 



(Mardon et al., 1994). Interestingly, dac, as the others ERGs, is also expressed 

in other tissues than the eye, as the brain, antenna, leg and wing discs, where 

it has other important functions during development, not related with retina 

determination (Dong et al., 2002; Kurusu et al., 2000; Mardon et al., 1994; 

Martini et al., 2000; Noveen et al., 2000; Rauskolb, 2001). 

The RD genes interact in a genetic transcriptional network. Although 

analyses of gene expression during development and genetic experiments 

indicate a series of epistatic relationships, once the eye determination program 

is in place, several feedback loops lock in the eye developmental program, 

obscuring those linear relations (Pichaud et al., 2001). ey lies high in the 

hierarchy of eye determination genes. Loss of function of ey induces loss of 

eya and so expression, but loss of eya or so does not affect ey expression 

(Halder et al., 1998). In addition, ey expression is turned on earlier and ey is 

the most effective of all ERG in inducing eye tissue when ectopically expressed. 

The fact that toy is a transcriptional regulator of ey (Czerny et al., 1999) places 

toy atop the ERG cascade. eya, in turn is required for dac expression, but dac 

is not so for eya, placing dac downstream of eya (Chen et al., 1997; Shen and 

Mardon, 1997). Nevertheless, dac activates ey expression when ectopically 

expressed in the antenna (Shen and Mardon, 1997), therefore lying 

downstream of ey but potentially also upstream, feeding positively on ey 

expression (Fig.13).  

 
Figure 13. Diagram representing positive feedback 
loops in the Retinal Determination gene network. 
The positive and negative inputs of the Hh, Dpp, 
and Wg signaling pathways in the Retinal 
Determination gene network are also included. 
Adapted from (Chen et al., 1997; Chen and 
Mardon, 2005; Kenyon et al., 2003) 
 



The RD genes are deployed and function in places other than the eye 

(Bonini et al., 1998; Dong et al., 2002; Halder et al., 1998; Kurusu et al., 2000; 

Mardon et al., 1994; Martini et al., 2000; Noveen et al., 2000; Rauskolb, 2001). 

Also the ectopic expression of any RD gene, in particular an ERG, is able to 

induce ectopic eye differentiation only in particular regions of the fly. 

Therefore, organ specific genes should work together with these RD genes in 

order to activate organ-specific developmental programs.  

 

 

 

3.2.1.2- Other Retinal Genes (The Others) 

 

 

3.2.1.2.1- optix (the so relative of the six family) 

 

optix, as so, belongs to a SIX class of transcription factors being 

conserved from flies to vertebrates. Their vertebrate orthologs are the 

vertebrate homologues six3 and six6 ((Toy et al., 1998), reviewed in 

(Kawakami et al., 2000)), which are the only members of the six family 

expressed in the vertebrate eye primordium. The domain structure of the Optix 

protein is very similar to that of So, also having conserved Six and HD 

domains, from flies to vertebrates (Toy et al., 1998) (Fig.11). Both domains 

have functions similar to their So counterpart domains. However, it has been 

proposed that both proteins function differently due to different binding 

partners. Both of them are able to interact with the co-factor Gro but So binds 

specifically to Eya, and Optix binds to Optix binding protein (Obp) (Kenyon et 

al., 2005; Kenyon et al., 2003). In agreement with the fact that Eya interacts 

directly with So, but not with Optix,  a co-overexpression Eya and So synergize 

in generating ectopic eyes, while Eya and Optix do not (Seimiya and Gehring, 

2000). Nevertheless, Optix on its own is able to generate ectopic eyes when 

expressed in the head or antenna, although this ability is restricted to the eye 

disc. optix expression pattern during L3 is restricted to the anterior region of 

the MF of the eye disc, similar to ey, toy and teashirt (tsh, see below) (Fig.12). 

It is also interesting to notice that in an ey hypomorphic mutant background, 

optix expression is not affected, and that when ectopically expressed, in this 

mutant condition, optix is still able to generate ectopic eyes. This suggests that 



optix can promote eye development along an ey-independent pathway (Seimiya 

and Gehring, 2000). 

 

 

3.2.1.2.2- teashirt and tiptop 

 

teashirt (tsh) is expressed in L3 eye discs anterior to the MF in a pattern 

similar to ey, toy and optix (Fig.12) and codes for a zinc finger-domain protein 

with three widely spaced zinc finger domains (Fasano et al., 1991)  (Fig.11). 

This gene was firstly identified as required for specification of the trunk 

segments in Drosophila embryogenesis (Fasano et al., 1991). Later on, as a 

result of a gain of function screen tsh was found to  induce ectopic eyes in the 

head and antenna of the fly –but not in other body regions- (Papayannopoulos 

et al., 1998). Interestingly tsh is also able to repress eye differentiation, if its 

expression is maintained (Singh et al., 2004; Singh et al., 2002). Although the 

above-mentioned experiments implicate tsh in eye development, little is known 

about its role in and interaction with the RD gene network. We have 

investigated these questions mainly in chapter 2 and 3 of this thesis. 

The Drosophila genome harbors another tsh-like zinc finger gene, tiptop 

(tio) (Fig.11). tio is dispensable for the normal development and fertility of the 

fly. In the embryo, it is expressed in the clypeolabrum, part of the hindgut and 

Malpighian tubules. Nevertheless, when tsh function is eliminated, tio 

expression is upregulated in the ventral epidermis, where it partially 

compensates the tsh loss. These results indicate that tio is functionally similar 

to tsh, at least in the epidermis of the embryo, and that tsh and tio 

crossregulate (Laugier et al., 2005). Since some loss of function clones of tsh 

show no phenotype in the eye (Papayannopoulos et al., 1998; Singh et al., 

2002), tio, if expressed in the eye disc, could be functionally compensating the 

loss of tsh. This possibility is explored in the supplementary results of chapter 

3. 

 

 

3.2.1.2.3- homothorax and extradenticle 

 

Homothorax (Hth) and Extradenticle (Exd) are TALE-type homeoproteins 

conserved from flies to vertebrates (Burglin and Ruvkun, 1992), being their 



mammalian orthologs the Meis and Prep (Moskow et al., 1995; Rieckhof et al., 

1997), and Pbx (Flegel et al., 1993; Rauskolb et al., 1993) gene families, 

respectively. Hth is characterized by the presence of two highly conserved 

domains, a Homeodomain (HD), that has the ability to bind DNA, and a 

Homothorax-Meis (HM) domain, that binds to Exd, facilitating the import of 

both, as a dimmer, to the nucleus (Jaw et al., 2000; Pai et al., 1998; Rieckhof et 

al., 1997; Ryoo et al., 1999) (Fig.11). Exd also has a conserved HD similar to 

the one in Hth (Rieckhof et al., 1997) and two other conserved domains, PBC-A 

and PBC-B (Burglin and Ruvkun, 1992) (Fig.11). PBC-A has been identified as 

the domain responsible for binding the HM domain of Hth (Abu-Shaar et al., 

1999). While hth is transcribed with a complex pattern in embryos and 

imaginal discs (Rieckhof et al.), exd is transcribed almost uniformly both in 

embryos of imaginal discs (Flegel et al., 1993). Nevertheless when protein 

distribution is observed Exd is found in tissues where Hth is expressed (Pai et 

al., 1998; Rieckhof et al., 1997). In addition, Exd is functional wherever it is 

nuclear (Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995). Thus, hth 

expression defines the domains of functional exd/hth. The requirement is 

reciprocal, as Hth gets degraded if not dimerized with Exd (Abu-Shaar et al., 

1999). Therefore, Hth/Exd are obligatory partners, something that is reflected 

in the fact that loss of Hth or of Exd give the same phenotypes in all tissues 

assayed. hth and exd were first implicated in eye development mainly because 

loss of function clones of either of these genes (which is equivalent to the 

functional loss of both) induces ventral ectopic eye formation (Gonzalez-

Crespo and Morata, 1995; Pai et al., 1998; Pichaud and Casares, 2000). Further 

more, ectopic expression of hth in the eye causes a loss of eye phenotype 

(Ryoo et al., 1999), attributing to these genes a role as repressors of eye 

differentiation (Dominguez and Casares, 2005). Interestingly, hth is expressed 

in all eye disc cells prior to the onset of differentiation, but its expression 

becomes restricted to the most anterior region of the disc as retinogenesis is 

fired (Fig.12). Interestingly, the murine orthologues of hth, the meis genes 

(Myeloid ecotropic viral integration site) were identified as a proto-oncogene 

(Moskow et al., 1995). Furthermore, ectopic expression of hth in Drosophila 

imaginal discs often generates overgrowths (Pichaud and Casares, 2000). In 

chapter2 we investigate the role of hth during eye development and its 

relationship with RD genes. 

 



 

3.2.1.3- Signaling pathways and the dynamics of eye development  

 

Proper eye differentiation, as any other organ during development, 

requires exchange of information among cells. This is accomplished by 

intercellular signaling molecules capable of regulating intracellular signaling 

pathways after the signals reach their targets. Several signaling pathways, that 

are mostly conserved between flies to vertebrates, have a major role during 

Drosophila eye development, including the Dpp, Hh, Wg (wingless), Notch,

EGFR and JAK/STAT pathways. Of these, the roles in early eye development 

are better defined for Dpp, Wg, Hh and Notch. Dpp, a long range signal, 

together with HH, a short range signal, are required for trigger of the MF, 

differentiation and movement of the MF. Wg, another long range signal, is 

required for DV asymmetry, as well for cell proliferation and to counteract the 

Dpp pathway avoiding premature differentiation. Notch, a signaling pathway 

that needs cell-to-cell contact, is required for cell proliferation during early 

stages of development, and also lateral inhibition for proper ommatidial 

spacing.  

 

 

3.2.1.3.1- The DV border and the trigger of the MF: Role of the Hh, 

Notch and Wg pathways in early eye development 

 

The eye disc is subdivided into a dorsal (D) and a ventral (V) 

compartment around L2, as demonstrated by clonal analysis (Baker, 1978; 

Cavodeassi et al., 1999). The DV interface, the DV boundary, marks an axis of 

symmetry of the future eye, called the equator (Cho and Choi, 1998; 

Papayannopoulos et al., 1998). First I will review how the DV border is 

established, as it bears to the early control of growth in the eye disc and the 

initiation of retinal differentiation. 

The DV subdivision starts with the asymmetric expression of two genes 

in the dorsal region of the L1/L2 eye disc: the GATA transcription factor 

pannier (pnr) and the Wnt-1 homologue wg. pnr expressing leads to the 

activation of wg (Lee and Treisman, 2001; Maurel-Zaffran and Treisman, 2000; 

Pereira et al., 2006; Singh and Choi, 2003). The Wg signal activates the 

Iroquois-complex (iro-C) genes araucan (ara), caupolican (caup) and mirror 



(mirr) in the dorsal domain of the disc. Another gene that is involved in the DV 

patterning of the eye disc is the glycosyltrasferase fringe (fng). fng is 

negatively regulated by iro-C genes, and as a result it is exclusively expressed 

in the ventral eye disc. Interestingly fng reduces Notch receptor sensitivity 

towards its ligand Serrate, mostly expressed on the ventral half of the disc 

(Bruckner et al., 2000; Ju et al., 2000; Moloney et al., 2000). The other Notch 

ligand, Delta, is mostly expressed dorsally. Due to this asymmetric sensitivity 

of Notch for its ligands, bidirectional Notch signaling only occurs at the DV 

border established at the fng+/fng- interface (Dominguez et al., 1998; 

Papayannopoulos et al., 1998) (Fig.14). Notch activity in the DV border is also 

required for global eye disc growth (Das et al., 1998; Dominguez et al., 1998; 

 
Figure 14. Diagram representing the Dorsal (D)/Ventral (V) patterning and the 
trigger of the Morphogenetic Furrow MF during L2 (A) and MF movement from 
the Posterior (P) to the Anterior (A) region during L3 (B). A: The dorsal domain 
is defined by Wg signaling that activates the expression of the Iro-C genes 
(Green). The ventral domain, in Orange, is characterized by the expression of 
fng, which is transcriptional repressed by the iro-C genes in the dorsal disc. 
Notch is activated (Yellow) in the Fng/non Fng border. The firing point (Red) is 
defined by a synergistic interaction of Notch (Yellow), Hh and Dpp (Purple, 
expressed at the margin) signaling pathways. B: During L3 the MF advances 
towards the anterior region of the eye disc. The long range action of Dpp 
expressed in the MF, and the short range action of Hh (Red) expressed in 
differentiated photoreceptors (green grid), causes a change in anterior cells 
from a Specification (semitransparent Dark Grey) to a Determination state 
(semitransparent Light Grey). The Determination state is characterized by the 
expression of eya, dac and so, whose expression is controlled by Hh and Dpp. 
This transition state is counteracted by long range Wg signaling. The positive 
feed-back loop between dpp and hh makes the MF move forward. 

 



Papayannopoulos et al., 1998). Recently it was found that growth induced by 

Notch is mediated by a downstream target of this pathway in the eye, eyegone 

(eyg), a pax6 related gene devoted not to specify cell fate, but to promote cell 

proliferation instead  ((Chao et al., 2004; Dominguez et al., 2004); reviewed in 

(Rodrigues and Moses, 2004)). Notch, in addition to promoting eye disc 

proliferation, also participates in the initiation of retinal differentiation, plus 

other subsequent functions, including short range control of proliferation, and 

ommatidial spacing and asymmetry. But before all that, other signaling 

molecules are required for the initiation of retinal differentiation at the end of 

L2 beginning of L3. 

The Hh pathway is absolutely required for the trigger of differentiation 

(Chanut and Heberlein, 1997; Curtiss and Mlodzik, 2000; Dominguez and 

Hafen, 1997; Heberlein et al., 1998; Pappu et al., 2003). Hh ligand is 

expressed at the posterior margin of the disc and diffuses to the adjacent Disc 

Proper (DP) cells, in which Hh pathway gets activated. One of the downstream 

genes of the Hh pathway is the proneural gene atonal (ato). ato expression is, 

in turn, required for the specification of the founder photoreceptor (PR) of each 

ommatidium, the R8 PR (Jarman et al., 1994; Jarman et al., 1995; Rayapureddi 

et al., 2003; Voas and Rebay, 2004). Therefore, the localized activation of hh 

expression is necessary for the onset of retinogenesis. Nevertheless, how this 

activation is controlled was unkown until recently ((Bras-Pereira et al., 2006). 

See below). The mechanisms by which Hh contributes to the initiation of the 

retinogenesis are several-fold. First, Hh is required for the expression of dpp, 

another signaling molecule essential for eye development (see below; 

(Heberlein and Moses, 1995; Heberlein et al., 1993)); Hh activates the 

expression of the proneural gene ato and thus is a key to define the retinal 

progenitors (Rayapureddi et al., 2003; Voas and Rebay, 2004). Hh also 

contributes to the coordination of cell proliferation with cell differentiation, 

being involved in the maintenance of the G1-arrest cells while acquiring the 

ato-expressing progenitor state as well as in the G1-S transition undergone at 

the second mitotic wave that precedes terminal differentiation (Escudero and 

Freeman, 2007; Firth and Baker, 2005). 

Another signaling pathway crucial for triggering of eye differentiation is 

the Dpp pathway. Dpp is a BMP2/4 type secreted signaling molecules of the 

TGF-beta superfamily (Padgett et al., 1987); review of the pathway in (Affolter 

et al., 2001; Raftery and Sutherland, 1999) (Fig.15). dpp expression is 



 

 
 
Figure 15. Simplified diagram of the Dpp and Wg signal transduction pathways, 
including only major players for each pathway. Each pathway is represented in a 
absence of signal (red) and presence of signal (blue) state. Red motifs represent 
repressors of the pathway (or “major role as repressor”, when the same factor is 
also required for the transduction of the pathway), green motifs represent factors 
that can equally work as repressors or activators, blue motifs represent factors 
that work as activators of the signal transduction and yellow represents a 
phosphorilation state. Dpp, binds to the transmembrane serine-threonine kinases, 
type I receptor Thickveins (Tkv) and the type II receptor Punt (Reviewed in 
(Massague, 1998; Wisotzkey et al., 1998)). These two receptors, upon binding of 
the Dpp ligand form a dimmer and phosphorylate the Tkv specific substrate, 
Mother against Dpp (Mad) (Newfeld et al., 1997). After phosphorilation, Mad, a 
Smad family member protein, binds to the commonmediator-Smad Medea (Das et 
al., 1998; Hudson et al., 1998; Wisotzkey et al., 1998), and is translocated to the 
nucleus where it acts as a transcription factor (for review on Dpp pathway 
(Massague, 1998; Wisotzkey et al., 1998)). Wg is a diffusible signaling molecule 
able to signal to far away cells, where it binds to its receptors Frizzled (Fz) and 
Arrow. As a consequence of the binding of Wg to its receptors, the intracellular 
molecule Dishevlled gets phosphorilated, this disturbs the Axin - APC 
(Adenomatous Polyposis Coli) complex, that when intact targets armadillo (the 
vertebrate β-Catenin) to degradation. Therefore, when the Wg pathway is active 
Arm is not degraded,  being allowed to travel to the nucleus to act as a 
transcription factor together with the T-Cell specific transcription factor (TCF) (Wg 
pathway review in (Bejsovec, 2005; Clevers, 2006; Logan and Nusse, 2004; Seto 
and Bellen, 2004; Wodarz and Nusse, 1998)). 

 



controlled by Hh (Heberlein and Moses, 1995; Heberlein et al., 1993) and, in 

the eye, loss of function of this pathway block initiation the MF (Burke and 

Basler, 1996; Wiersdorff et al., 1996). On the other hand, ectopic expression of 

ddp in the eye disc results in the trigger or ectopic MFs (Chanut and Heberlein, 

1997; Kenyon et al., 2003). dpp is expressed in L2 larva along the posterior 

margin of the eye disc, together with hh. Dpp is required early in development 

for the activation of ERG (Chanut and Heberlein, 1997; Curtiss and Mlodzik, 

2000; Kenyon et al., 2003; Wiersdorff et al., 1996).  On the other hand high 

levels of Wg are able to antagonize the Dpp activity (Hazelett et al., 1998), 

avoiding a premature trigger of differentiation. Later on, the wg and dpp 

expression domains get separated due to eye disc growth and the 

antagonizing effect of Wg upon Dpp activity is cleared (Kenyon et al., 2003). At 

this time Dpp is able to fully activate ERG and to contribute for the trigger of 

the MF. Recently it has been claimed that Dpp synergize with eya, downstream 

of Hh, to control the initiation of MF, although the molecular mechanisms have 

not been discovered (Pappu et al., 2003). 

The trigger of differentiation happens at early L3, in the most posterior 

region of the eye disc in an interception point of the DV Notch and AP hh 

signals, also known as the “firing point” (Treisman and Heberlein, 1998). 

Interestingly, it has been shown that Notch enhances the expression of hh 

(Cavodeassi et al., 1999) and that might increase the signaling ability of that 

point. In addition, the JAK/STAT ligand Unpaired (Upd) is specifically 

transcribed at the firing point. Although JAK/STAT does not seem to be 

required for the initiation of retinogenesis (Chao et al., 2004). 

 

 

3.2.1.3.2- The movement of the MF, proliferation vs differentiation. 

 

After the trigger of differentiation at the firing point an indentation in 

the eye disc epithelia is formed. This indentation is the so called MF and with 

time it progresses anteriorly, in a wave like manner, leaving on its wake a new 

column of ommatidia preclusters each 90 to 120 minutes (Ready et al., 1976).  

The expression of dpp and hh, that is required for triggering the MF, 

also accompanies the progress of the MF, making of it a mobile organizer. 

Differentiating PRs express hh which, in turn, activates dpp expression 

anteriorly in MF cells. Then Dpp and Hh, in a partially redundant manner, are 



required to induce in the MF the ppn state, that is a prerequisite for cells to 

undergo retinal differentiation (Greenwood and Struhl, 1999). Thus, the ato-

expressing stripe moves forward. ato expression is then resolved first into 

evenly spaced groups of about ten cells, and later into single, spaced R8 PR 

precursors (Baker et al., 1996; Jarman et al., 1994; Jarman et al., 1995). The 

regularly spaced pattern of R8s is controlled by a “lateral inhibition” 

mechanism mediated by the Notch pathway (Baker et al., 1996; Baker and 

Zitron, 1995).  Then, the R8 photoreceptor recruits successively the R2/R5 and 

R3/R4 photoreceptors through the activation of the EGFR pathway (Dominguez 

et al., 1998; Freeman, 1996; Halfar et al., 2001; Kumar et al., 1998).  

The rest of the cells that did not differentiate remained G1 arrested 

since the first mitotic wave. Finally they suffer a last round of synchronous 

mitosis also mediated by EGFR pathway (Baonza et al., 2002), called the second 

mitotic wave, generating cells that will differentiate as R1/R6 and R7 

photoreceptors, cone cells and pigment cells. As soon as photoreceptors are 

differentiated they start to express hh, except R8, induced synergistically by 

pointed, a EFGR/Ras pathway transcription factor, and So, through direct 

binding to a hh eye-specific enhancer (Pauli et al., 2005; Rogers et al., 2005). 

This hh activation closes an activation loop that allows the movement of the 

MF, since Hh is now able to activate dpp expression at short range in anterior 

cells (Fig.14). 

Dpp is thought to signal at a longer range, changing the anterior cells’ 

state from a being generally specified, but still multipotent, to a determined 

state. This transition is coordinated to the cell cycle, so cells go from 

proliferating asynchronously, exit this state through a synchronic mitosis (first 

mitotic wave, FMW) and enter a transient G1 arrest in the MF (Wolff and Ready, 

1993). In chapter 2 we try to understand the mechanisms regulating the first 

transition eye cells go through: to leave the multipotent, asynchronously 

proliferating state to enter an eye progenitor, transiently G1-arrested, state. 

 

 

 

 

 

 



4- Zebrafish (Danio rerio), a vertebrate model to study development: 

General aspects 

 

 

The zebrafish, a small freshwater tropical fish, has become a powerful 

model system to study genetic mechanisms of vertebrate development and 

disease. Its service to Developmental Biology and Genetics only started in the 

early 70´s with the work of George Streisinger, a phage geneticist which 

shared a passion for tropical fish and a foresight to expand genetic study to 

vertebrates, aspiring to unravel the genetic logic of vertebrate neuronal 

development. Streisinger spent a decade working on implementing genetic 

techniques for this new model system, while at the same time fighting a fierce 

battle to maintain the funding to keep its pilot fish facility, efforts that finally 

resulted in a important publication, among others, where a method to produce 

clonal lines of homozygous zebrafish (Gynogenetic procedures) is described 

(Streisinger et al., 1981). This became the first demonstration that the 

zebrafish could be a powerful model for developmental biology and genetics. 

The Gynogenetic procedure improves mutant screens allowing the quick 

generation of recessive phenotypes generated by the production of offspring 

solely derived from the maternal germline. From this point onward a new 

concept was born, challenging what previously was though to be impossible in 

a vertebrate, to generate a vast collection of mutations selected by phenotype. 

In 1993, in a joint effort from the Christiane Nusslein-Volhard´s and Marc 

Fishman´s laboratories, this concept was put in practice in a historical large 

scale screen for embryonic mutants, in which approximately 4000 embryonic 

lethal mutations were generated and characterized, being published in 1996 in 

the issue 123 of the journal Development, that was entirely dedicated to this 

screen.  

Nowadays, taking the advantage of the zebrafish genome sequencing, 

other techniques to determine the function of a gene are also used. The knock-

down of gene function is generally achieved by the injection of gene-specific 

morpholinos. Morpholinos are stable, modified antisense oligonucleotides 

designed to be complementary either to the translation initiation sequence of 

the target gene, causing the block of translation of the desired mRNA, or to a 

specific exon-intron splicing site, which blocks mRNA processing (Nasevicius 

and Ekker, 2000). Also, it has been recently demonstrated that the injection of 



short interference RNAs (siRNA) are a feasible alternative to the use of 

morpholinos (Boonanuntanasarn et al., 2003; Dodd et al., 2004). Further more, 

ectopic gene expression is also possible by direct injection of mRNA of the 

desired gene. Although these techniques are quite helpful, they are based on 

the injection of factors in early embryos, affecting embryogenesis from very 

early stages, lacking temporal 

or spatial resolution. To avoid 

this, cell transplant 

techniques to generate 

mosaics were developed, 

allowing the generation of 

ectopic expression or gene 

Knock Down mosaics, using 

mRNA or morpholino injected 

embryos as cell donors 

(Carmany-Rampey and Moens, 

2006). In chapter 4 we show 

an improved method for 

generating mosaics based on 

the procedures for generating 

zebrafish transgenics. 

All these Swiss army 

knife tools are easily 

employed in zebrafish due to 

some advantageous 

characteristics that this model 

has when compared to other 

vertebrate models. Zebrafish 

embryos are easy to 

manipulate, they can develop 

in a Petri dish with no special 

care, and from 1 to 8 cell 

stage cells are still connected, 

so any substance injected in 

the yolk (Fig.16), as 

morpholinos or mRNA, 

Figure 16. Diagram representing several stages 
of the zebrafish development. At “1 cell” stage, 
immediately after fertilization it is possible to 
identify two structures, the yolk, which 
represents 4/5 of the embryo and, on top of the 
yolk, the cell. At 11 hours post-fertilization (hpf) 
stage (at standard temperature of 28,5ºC), the 
embryo has already 5 to 9 somites and the 
optic vesicle is formed. At 14hpf stage the 
embryo has 10 to 13 somites and the neural 
keel is formed. At 18hpf the precursor of the 
fish ear (otic placode) is formed. At 22hpf stage 
the lens is already visible and the midbrain-
hindbrain boundary is formed. During the third 
day of development the embryo hatches from 
the chorion (not represented here) that 
surrounds the embryo since cell 1 stage. 
Drawings from: http://zfin.org/zf_info/zfbook/ 
stages/figs/fig1.html.  
Modified from (Kimmel et al., 1955). 
 



diffuses to all the cells. Furthermore, zebrafish embryos are transparent, 

allowing direct visualization of developmental processes. Also, zebrafish 

development is rapid: in the 24 hours following fertilization all the major organ 

systems have formed (Fig.16). During the second half of the first day, the eye 

primordium is formed, first evaginating as a vesicle from the telencephalon, 

later forming the optic cup, holding into its cavity the forming lens. The first 

cells of the eye to differentiate are the ganglion cells, appearing at 28 to 32 

hours post-fertilization (hpf). At the 3rd day post fertilization the zebrafish 

embryo hatches from the chorion as a free-swimming larva. By the 3rd to 4th dpf 

most major classes of cells that compose the fully differentiated retina can be 

identified. Finally the zebrafish reaches its sexual maturity at 3 months post 

fertilization, being able to rise a new generation. 

 

 

 

5- The zebrafish visual system, introduction to the vertebrate eye 

development. 

 

 

5.1- The anatomy of the eye.  

 

The zebrafish neural retina (henceforth, just retina) is composed of 

seven major cell types: one glial cell type (the Muller cell) and six classes of 

neurons (ganglion, amacrine, bipolar, horizontal, interplexiform and 

photoreceptor cells). The composition and structure of the zebrafish retina is 

quite similar to most vertebrates, varying only in the number and subtypes of 

the major cell types (Fadool and Dowling, 2006). All these cells are arranged 

into morphological identifiable layers surrounding the lens (Fig.17). The cell 

bodies of the neurons are arranged into three “nuclear” layers: from the center 

to the periphery, ganglion cell layer (GCL), inner nuclear layer (INL) and outer 

nuclear layer (ONL). The GCL, the closest to the lens, contains the cell bodies 

of the ganglion cells. The INL is composed by amacrine, bipolar, horizontal and 

interplexiform neurons. Also the nuclei of Muller cells are located here, 

although their cytoplasm extends trough all the retinal layers, providing 

structural and functional support for the retinal neurons. The ONL contains rod 

and cone photoreceptors. Two plexiform regions where axons and dendrites 



 
 
 
 
 
 

 
 

 
Figure 17. Diagram representing the several cellular layers of a vertebrate 
differentiated retina in a lateral to medial cut (A) and in a tangential cut (B) as 
schematized in C (1 and 2), respectively. A: Detail showing the different cell types 
(R-rod and C-cone photoreceptors; H- horizontal, B-bipolar, I- interplexiform, M- 
Muller; Am- amacrine and G- ganglion cells) that form each cell layer. Apical is up 
and basal down. B: Tangencial optic confocal cut of a whole mount preparation of 
a 63hpf retina stained with phalloidin-FITC (green; actin marker), Propidium iodide 
(red; nuclear marker) and Anti-Islet 1 antibody (blue; neuronal marker for the Inner 
nuclear layer (INL) and the ganglion cell layer (GCL)). The photoreceptor cell layer 
(PR) is easily identified by its columnar nuclear stacking peripheral to the INL. (A) is 
available at http://webvision.med.utah.edu/anatomy.html. Modified from (Ryan et 
al., 2001)  
 



meet are found in between the GCL and INL, and the INL and ONL: the inner 

plexiform layer (IPL) and the outer plexiform layer (OPL). Finally, the retinal 

pigment epithelium (RPE) lays above the photoreceptors, shielding the retina 

optically and with an essential role in phagocytosing the worn out, opsin-

packed, tips of the photoreceptors (outer segment).  

In the vertebrate eye, light enters through the pupil, is focused by the 

lens and crosses all the retinal cell layers until it reaches the ONL. Here light is 

converted to a nerve electrical impulses, and these impulses are semi-

processed by the neural network of the INL, reaching finally to the ganglion 

cells that send axons converging in to a small area of the retina, also called the 

“blind spot”, forming the optic nerve (ON) that connects to the brain, where the 

signals are further processed to form an image.  

One major difference of the fish and amphibian retina is the existence of 

a growth zone at the retinal margin, known as the ciliary margin zone (CMZ), 

which is absent from other vertebrates. The CMZ is a group of multipotent 

retinal progenitor cells (Wetts et al., 1989) localized between the RPE/iris and 

the retina (Moshiri et al., 2004). These cells express most of the factors 

present during embryonic retinal differentiation (Raymond et al., 2006), being 

able to support both self renewal and differentiating  in to retinal cells even 

after the embryonic retina differentiation is finished (Amato et al., 2004; 

Straznicky and Gaze, 1971; Wetts et al., 1989). In fact, in fish and amphibians, 

the eye enlarges as the animal grows, and this postembryonic retinal growth 

depends on the activity of the CMZ cells (Moshiri et al., 2004). 

 

 

5.2- Early morphogenesis of the eye   

 

By the end of gastrulation the presumptive forebrain is partitioned into 

three overlapping domains that have been identified by lineage tracing and by 

regionally restricted patterns of gene expression (Fig.18). These domains are 

the eye field and the precursors of the telencephalon and the diencephalon 

(Rubenstein and Beachy, 1998). At this time the eye field, region that will give 

rise to the visual system, expresses several genes related with eye 

determination, as retinal homeobox gene 1, 2 and 3 (rx1, 2 and 3), six3a, 

six3b, pax6a and pax6b (Chuang et al., 1999; Chuang and Raymond, 2002; 

Kobayashi et al., 2001; Kobayashi et al., 1998; Nornes et al., 1998; Puschel et 



 
 
 
Figure 18. Fate map through major events of the early morphogenesis of the 
zebrafish eye. The fate map represents the anterior neuronal plate, partitioned into 
five presumptive brain regions: Telencephalon (yellow), eye field (light and dark 
red), diencephanol (orange), mesencephalon (green) and rhombencephalon  (blue). 
In dorsal or lateral views anterior stands left A: Dorsal view of a 100% epiboly 
embryo. The neuronal keel is still not formed, yet the anterior neuronal plate is 
already divided in five territories. At this time the eye field is still an unpaired 
anlagen. The embryonic midline (Mdl) is indicated B: Dorsal view of a 11,5hpf-
12hpf embryo. The neuronal keel is already formed from which the optic vesicles 
bulge out. B´: Subsequent retraction of the most posterior optic vesicle region 
(arrows), leaving only an anterior attachment to the neural keel, the OS. C: Lateral 
view of B, showing the dorsal and ventral optic vesicle (light and dark red, 
respectively). C´: Anterior vertical section of the optic vesicles in C. Medial is in the 
centre and lateral towards the sides.  
 



al., 1992; Seo et al., 1998). Most of these genes are also broadly expressed 

outside of the eye field, with the exception of rx1 and rx2 that are more 

specific for the presumptive and differentiated retina (although they are also 

expressed in other regions as the pineal gland) (Chuang et al., 1999; Mathers 

et al., 1997). Interestingly, rx genes are paired–like homeobox genes that are 

essential for vertebrate eye development. In zebrafish, gain of function 

experiments demonstrates that rx is able to expand the retina eye field into 

the forebrain (Chuang and Raymond, 2001). Also in mice, rx mutants fail to 

develop the optic vesicles (Mathers et al., 1997) with concomitant loss of pax6 

and six3 expression (Zhang et al., 2000).  

Approximately at stage 10hpf, the neural plate, including the eye field, 

start to condense towards the midline, forming the neuronal keel. The 

neuronal keel, a rod like structure, is the zebrafish primordium of the central 

nervous system, which differs from the tube like structure of higher 

vertebrates since it is formed as a compact rod. At about 11,5 hpf the eye field 

start to expand laterally forming the optic vesicles (Schmitt and Dowling, 

1994). At the same time the eye field gets separated in two eyes primordia. 

The mechanism to split the eye field seems to be species specific. In zebrafish 

this splitting seems to be accomplished mainly by diencefalon primordium cell 

movement towards the anterior region trough the midline (mdl), bisecting the 

eye field (Zuber and Harris, 2006) (Fig.18). At 13 hpf the posterior region of 

the optic vesicle start to separate from the brain primordium, remaining 

attached only by the anterior part, the presumptive optic stalk (OS), which later 

Figure 18. (cont) D and D´: (Similar to C and C´). After 13hpf the optic vesicle 
bends ventrally (arrows). Now the ventral optic vesicle is medially placed and is 
called Medial Layer (ML; dark red) and the dorsal optic vesicle is laterally placed, 
and is called Lateral Layer (LL; light red). At the same time the lens placode (LP; 
grey) starts to form from the ectoderm adjacent to the ML. Also, later on, the ML 
start to become flatter (arrowheads), forming the presumptive retinal pigment 
epithelium (RPE). E and E´: (Similar to C and C´; drawing of a 24hpf embryo). 
Subsequently, the anterior brain, and in particular the optic primordium, rotate 
(arrow). This movement reorganizes the dorsal-ventral axis of the optic vesicle, 
placing the OS in the ventral region of the embryo. Furthermore, the LL and part 
of the ML give rise to the NR, which invaginates, as the lens placode thickens and 
pinches of from the ectoderm, forming the optic cup. Also, the RPE is formed 
from most of the ML, surrounding the NR. Notice that E´ does not represent a 
faithful fate map since Li and coworkers (Kurusu et al., 2000) have shown that 
some ML cells migrate to the LL contributing for the formation of the NR, yet for 
simplicity we decided to apply the same color code used for the fate-map to 
represent the NR and RPE. Drawings modified from (Chuang and Raymond, 
2002). 
 



on will form the ON. The OS cells express pax2a, six3b (Krauss et al., 1991; 

Seo et al., 1998). In parallel to the formation of the OS, the neuronal keel 

cleaves medially, and the optic vesicles cleave internally. Subsequently, the 

optic vesicle suffers a reorientation of its dorsal-ventral axis in a way that its 

dorsal surface becomes laterally localized (lateral layer; LL) and its ventral 

surface becomes medially localized (medial layer; ML) (Kurusu et al., 2000; 

Schmitt and Dowling, 1994). Together with this process, the anterior brain, 

with the optic vesicles included, rotates ventrally, and in this way the optic 

stalk is positioned ventrally (Kurusu et al., 2000; Schmitt and Dowling, 1994) 

(Fig.18). At stage 15-18 hpf, cells from the ML progressively start to change 

their morphology from columnar to squamous, from the dorsal to the ventral 

region of the optic vesicle (Kurusu et al., 2000), forming the RPE. At the same 

time the LL thickens due to proliferation and to the contribution of ML cells 

and start to invaginate in a cup like structure marking the beginning of the 

formation of the optic cup (Kurusu et al., 2000; Schmitt and Dowling, 1994), 

while contacting the adjacent ectoderm, which starts to thicken forming the 

lens placode. Interestingly, the close contact between LL and ectoderm is 

required for the formation of the neuronal retina (Hyer et al., 1998; Nguyen 

and Arnheiter, 2000). Fibroblast growth factor (FGF) signaling, that in chick 

and mouse emanates from the presumptive lens (Nguyen and Arnheiter, 2000; 

Pittack et al., 1997) seems to be implicated (Pittack et al., 1997).  

As mentioned above, several factors have been identified as being 

expressed in and required for the specification of the vertebrate eye. These 

factors are collectively known as eye field transcription factors (EFTF). Still, how 

these factors interact to direct eye development is not well understood., as in 

Drosophila, the ectopic expression of EFTF (also known as retinal 

determination genes) is able to generate ectopic eye induction (Andreazzoli et 

al., 1999; Bernier et al., 2000; Chow et al., 1999; Chuang and Raymond, 2001; 

Loosli et al., 1999; Martinez-Morales et al., 2001; Mathers et al., 1997; Mathers 

and Jamrich, 2000; Zuber et al., 2003; Zuber and Harris, 2006). Nevertheless, 

this induction is restricted to the domain of expression of orthodenticle 

homolog 2 (otx2) (Chow et al., 1999; Loosli et al., 1999; Martinez-Morales et 

al., 2001; Zuber et al., 2003), a member of the orthodenticle-related family of 

transcription factors that is known to be required for forebrain and midbrain 

specification (Matsuo et al., 1995; Pannese et al., 1995). otx2, although being 

required for initial eye field formation, is not considered an EFTF: otx2 is 



repressed by rx1 and thus both genes present an almost mutually exclusive 

expression pattern, with otx2 being excluded from the optic primordium 

(Andreazzoli et al., 1999). Nevertheless, later in development, otx genes have 

an important role in optic vesicle specification (Martinez-Morales et al., 2001). 

Similarly to what happens in Drosophila, the EFTFs also function in a 

transcription factor network during vertebrate eye formation, since pax6, six3, 

optx2 (six3a and six3b in zebrafish) and rx activate each other’s expression, 

while inactivation results in decreased expression of the others (Andreazzoli et 

al., 1999; Bernier et al., 2000; Chow et al., 1999; Chuang and Raymond, 2001; 

Lagutin et al., 2003; Loosli et al., 1999; Wargelius et al., 2003; Zuber et al., 

2003; Zuber et al., 1999). 

Also, together with the EFTFs, signaling pathways as Hedgehog (Hh), 

Wnts, FGFs, BMPs Nodals and Retinoic Acid (RA) are also involved, directly or 

indirectly, in early eye determination. Among them, Wnt signaling seems to be 

tightly linked to eye field patterning within the forebrain. Zebrafish mutants for 

masterblind (mbl), an axin mutant ortholog suffer a reduction in the 

telencephalon and eyes, while the diencephalon is expanded (Heisenberg et al., 

2001; van de Water et al., 2001). This seems to indicate that high Wnt 

signaling promotes diencephalons fate, while low or no Wnt signaling 

promotes telencephalon and eye fates. In agreement with these results, 

embryos treated with low dose of LiCl, able to inhibit GSK3ß activating the Wnt 

canonical pathway (Klein and Melton, 1996), induces small eye phenotypes 

(van de Water et al., 2001). Interestingly, increasing the dose of LiCl causes the 

loss of the entire forebrain, indicating that Wnt signaling is required at 

intermediate levels for proper eye field patterning.  

 

 

5.3- Genetic mechanisms controlling the optic cup formation – The 

formation of the Neural Retina, Retinal Pigment Epithelium and Optic Stalk. 

 

At 20 hpf the LL, which will form the neuronal retina (NR), forms a thick 

cup like structure surrounding the lens, while the RPE covers all the NR that is 

not in contact with the lens (Fig.18). This structure is called optic cup and is 

composed of the distal (relative to the midline) NR and RPE, and by the 

proximal OS, having each of them a differential gene expression profile. The 

OS and part of the ventral retina expresses the pair domain gene pax2 and 



members of the vax family of homeodomain proteins encoding genes (Take-

uchi et al., 2003). pax2 and vax genes are positively regulated by Hh signaling 

emanating from the ventral midline (Take-uchi et al., 2003), promoting OS 

formation and antagonizing NR formation by repressing pax6 and rx 

expression (Hallonet et al., 1999; Zhang and Yang, 2001) which become 

restricted to the NR. The separation of the NR from the OS tissue is refined by 

the mutual repressive activity of pax6 and pax2 (Schwarz et al., 2000). As an 

opposing force to Shh, BMP4 is expressed in the dorsal region of the optic cup, 

promoting the expression of tbx5, a T-box gene expressed in dorsal retina and 

which is able to repress vax and pax2 expression when ectopically expressed 

ventrally (Koshiba-Takeuchi et al., 2000). Confirming the antagonistic roles of 

BMP4 and Shh, ectopic expression of Shh represses the dorsal BMP4 

expression in the chick (Zhang and Yang, 2001) expanding vax and pax2 

expression and repressing pax6 (Zhang and Yang, 2001) wile ectopic 

expression of BMP4 inhibits the ventral expression of vax and pax2 (Koshiba-

Takeuchi et al., 2000). Concerning the RPE, although during early stages pax6 

and otx2 are co-expressed in the RPE, later in development their expression 

becomes mutually exclusive: otx2 remains expressed in the RPE and pax6 gets 

restricted to the NR (Grindley et al., 1995; Martinez-Morales et al., 2004).  

Interestingly, FGF signaling is not only involved in NR formation but is 

also able to repress RPE specification (Pittack et al., 1997; Vogel-Hopker et al., 

2000; Zhao et al., 2001). This is in agreement with classic experiments in 

amphibian in which an induction of a 180º rotation of the optic cup generates 

a transformation of the RPE, that now is facing the FGF expressing ectoderm, 

into NR (Detwiler, 1953). 

 

 

5.4- Neurogenesis: the differentiation wave. 

 

Up to stage 25hpf the zebrafish NR consists of an undifferentiated 

proliferative pseudostratified monolayered epithelium. One pathway that 

regulates cell proliferation at this stage is the Wnt pathway (Kubo et al., 2003; 

Masai et al., 2005; Yamaguchi et al., 2005).  Although the cells bodies of NR 

cells extend from apical to basal, the apical/basal position of their nuclei 

depends on the specific stage of the cell cycle. Cells undergoing S-phase have 

their nuclei basally localized, while cells undergoing mitosis have their nuclei 



displaced apically (Das et al., 2003) 

(Fig.19). Interestingly, cells of the 

zebrafish NR do not maintain always the 

same cell cycle length through 

development, presenting an 8-10h 

average in length until 16hpf, from 16 till 

24hpf cells slow down their cell cycle 

length to an average of 32-49h, and re-

enter a fast cell cycle with a length of 8-

10h from 24hpf onwards (Kurusu et al., 

2000). This de-acceleration of the cell 

cycle coincides with the transformation of 

the optic vesicle into the optic cup. 

Although the function of this 

phenomenon it is not known, the 

zebrafish retina is the first clear case to 

have a modulation of its cell cycle profile, 

whereas in general vertebrates tend to 

progressively increase their cell cycle 

length through development (Rapaport, 

2006). 

At stage 25hpf the first expression 

of atonal-homologue 5 (lakritz, or ath5), a 

proneural gene orthologous to the 

Drosophila ato, is detected in a small 

group of cells in the ventral-anterior 

retina, progressing like a wave, in a clock 

wise manner, until the posterior-temporal region of the retina (Fig.20). 

Following ath5 expression, cells become competent to differentiate, having the 

possibility to either reenter the cell cycle for a next round of cell division, or to 

asymmetrically divide and differentiate, migrating to its correspondent place in 

the retina (Fig.19). Ganglion cell precursors are the first ones to become 

postmitotic, and the first ganglion cells appear as a cluster in the inner 

ventral/nasal region of the retina, at stage 27 to 28 hpf (Hu and Easter, 1999). 

ath5 expression is possibly triggered by FGF signaling present near the OS 

(Martinez-Morales et al., 2005), yet the mechanism of propagation of the ath5 

 
Figure 19. Movement of a cell’s 
nucleus during the cell cycle 
progression in a vertebrate retina. 
During cell cycle the cell body 
(green) remains in contact with 
both the apical and basal sides of 
the NR, yet its nucleus moves 
along this apical/basal axis 
depending on the cell cycle stage 
(interkinetic movements). After 
the onset of ath5 expression a 
cell is able to decide  (dashed 
line) if its going to divide 
symmetrically, entering a next 
round of division, or to divide 
asymmetrically, differentiating in 
a neuron (Dif.), migrating to its 
respective place.  



wave is still not very well understood. 

Interestingly, shh is also expressed in a 

wave like during vertebrate retinal 

differentiation (Neumann and Nuesslein-

Volhard, 2000; Zhang and Yang, 2001), 

following ath5 expression with a 4-5 

hours delay (Masai et al., 2005). This 

suggested that the propagation 

mechanism in vertebrates was similar to 

that driving the progression of the MF in 

Drosophila (reviewed in (Amato et al., 

2004; Kumar, 2001)). Nevertheless, Kay 

and coworkers found that the wave of 

ath5 expression is possibly regulated by 

a cell intrinsic timer rather than being 

pushed forward by Shh, like in 

Drosophila. The authors noticed, though, a role for Shh early in development in 

setting the time of the initiation of the ath5 wave (Kay et al., 2005). The retinal 

expression of shh is possibly related with the progression of postmitotic cells 

into mature retinal ganglion cells (Masai et al., 2005). Recently it has been 

shown that another role of hh is to regulate the cell cycle speed and cell cycle 

exit in proliferating cells, being able to accelerate the endogenous cell cycle 

kinetics shortening G1 and G2 and inducing precocious cell cycle exit (Locker 

et al., 2006; Masai et al., 2005). 

Approximately 10h after the cell cycle exit of the first ganglion neuron 

precursor, cells of the INL also become postmitotic. Finaly, 43 to 48hpf the 

first postmitotic photoreceptor appears and by 60hpf almost all the neuronal 

layers of the retina are formed (Branchek and Bremiller, 1984). Therefore, each 

cell layer is sequentially formed (Hu and Easter, 1999). 

 

 

6- Fly and Fish eye development side by side - similarities in eye 

genetic networks of two clearly different visual systems. 

 

The compound eye of insects is strikingly different from the camera eye 

of vertebrates. The first is composed by structural units, the ommatidia, that 

 
 
Figure 20. Lateral view of a 
zebrafish retina. The neurogenic 
wave of ath5 starts at the inner 
ventral/nasal region of the retina 
(black dot) being propagated both 
towards the outer surface (green 
arrow) and towards the 
posterior/temporal region of the 
retina in a clockwise manner (red 
arrow). 



have integrated several specific cell types other than photoreceptors/neurons, 

as accessory, pigment and cone cells (which secrete the corneal lenses 

(Waddington and Perry, 1960)) formed from a single ectodermal epithelium. On 

the other hand, vertebrate eyes are composite organs having origin in several 

tissues: lenses are formed from the surface ectoderm and the retina and RPE 

are formed from the neural ectoderm, being later differentiated in two different 

epithelia, the NR and RPE. Further more, Drosophila photoreceptors are placed 

just beneath the lenses, while in vertebrate eyes the photoreceptors are 

located farthest from the light entry point away from the light entry point. All 

these topological, morphological and cellular differences led researchers to 

predict significant differences in the development of both visual systems.  

Nevertheless some core elements in the development of both eye types 

have remained conserved. pax6 seems to be the most striking case, being 

required for eye development in most species (Gehring, 2002). This happens in 

Drosophila and zebrafish where pax6 is on top of a genetic network that 

controls eye specification. Interestingly, some limited similarities also appear 

when comparing the eye genetic networks of flies and fish. In Drosophila the 

RD genes (toy, ey, so, eya and dac) together with optix are the core 

components of this network. Interestingly, in vertebrates pax6, six3 and six6 

(the orthologs of the Drosophila ey and optix genes) are also members of the 

eye genetic network. Also, as RD genes, the members of the vertebrate eye 

genetic network are able to induce ectopic eye development and also to induce 

ectopic expression among them. Nevertheless some conspicuous differences 

exist. in vertebrates, rx genes seem to belong to this gene network, yet in 

Drosophila the rx homologue Drx is not expressed (or required) in the eye disc 

(Davis et al., 2003; Mathers et al., 1997). Also, the role of eya homologues in 

vertebrate eye development is not clear. Although eya genes are expressed in 

the vertebrate eye primordium, mouse eya1 (Johnson et al., 1999; Xu et al., 

1999), human eya1 (Abdelhak et al., 1997) and eya4 (Wayne et al., 2001) are 

not essential for eye development (Donner and Maas, 2004). The same seems 

to happen with dac homologues, since mouse dac1 and dac2 mutants do not 

present any deficiency in eye specification, although in these experiments late 

eye development was not examined, due to embryonic lethality of the mutants 

(Davis et al., 2006). Furthermore so homologues in vertebrates are not 

expressed in the eye. 



Another similarity between vertebrates and Drosophila is the neuronal 

specification of the retina that in both cases is controlled by the proneural 

gene ato/ath5 (Brown et al., 2001; Kay et al., 2001; Wang et al., 2001). 

Interestingly similarities are present not only in the function but also in the 

expression pattern, being ath5 and ato expressed in a wave like manner 

inducing neuronal differentiation (Masai et al., 2000). Encouraged by the 

parallelisms found in vertebrates and Drosophila eye development we aimed to 

study the function of other genes known to have a role in Drosophila eye 

development, during vertebrate eye formation, following the proposal of Doner 

and Maas (Donner and Maas, 2004) to use “the wealth of knowledge emerging 

from studies in Drosophila to guide our inquiries into mechanisms of 

vertebrate development”. This approach will give us information about the 

conserved core mechanisms in eye development. This approach was followed 

in chapter 4 to study the role of the hth homologues, the meis genes, during 

early eye development in the zebrafish.  
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Chapter I 

 

 

 

Characterization of the Eye 

Disc Architecture 

 

 

 

 

The eye antennal imaginal disc, that 

gives rise to most of the structures of the adult 

head, is a monolayered sac of cells composed 

by two different epithelia, the peripodial 

epithelium (PE) and the disc proper (DP) from 

where the eye derives. Recent publications 

have demonstrated that the PE might have an 

important role during eye development (Cho et 

al., 2000; Gibson and Schubiger, 2000). Since 

most of the descriptions of the eye antennal 

imaginal disc done in the past have a “DP-

centered perspective”, we have decided, in the 

light of these more recent publications, to re-

analyze the eye antennal imaginal disc giving 

special attention to its cellular organization 

and to possible cell-cell interactions between 

peripodial and DP epithelial cells.  

 

 

 

 



 
 
 



Introduction  

 

 

The third instar larva (L3) eye antennal imaginal disc is a bilobed 

flattened epithelial sac (Fig.1). In L3, cells in each of the two apposing 

epithelial sheets have a characteristic shape. The main epithelium or DP cells, 

so called because they will give rise to most adult derivatives of the disc, are 

columnar. The other sheet, called PE is composed of flat, squamous cells. 

These morphological differences between both epithelia appear during second 

instar larva (McClure and Schubiger, 2005), coinciding with the trigger of 

expression of the Early Retinal Determination genes, eyes absent (eya), sine 

oculis (so) and dachshund (dac). Most of the adult structures of the head, 

including the head capsule, the antenna, the maxillary palps, the eye and the 

ocelli arise from the eye DP wile the PE gives rise to a small fragment of the 

head that surrounds the eye (Haynie and Bryant, 1986).  

In later stages, during metamorphosis, the PE also plays an important 

role in disc eversion (Milner et al., 1983; Nardi et al., 1987), whence imaginal 

discs are turned inside out, and during disc fusion (Fristrom and J.W., 1993; 

Usui and Simpson, 2000), that assembles the imaginal discs in a continuous 

epidermal structure of the future adult. 

Until recently, most studies of eye development had focused on the disc 

proper, as if it developed in isolation. Nevertheless recent publications 

underline the importance of cell-to-cell interaction between DP and PE cells for 

proper eye differentiation (Cho et al., 2000; Gibson and Schubiger, 2000). In 

these two works, the authors identify the PE as the site of expression of 

important signalling molecules, such as Wingless (Wg) and Hedgehog (Hh), and 

propose a role for the PE in growth and pattern formation in the eye 

primordium. Furthermore, the authors also correlate this role in eye 

development with the existence of cell to cell contacts between both epithelia 

proposing that they are required for proper cell to cell signalling. In agreement 

with these findings, previous publications had already implicated the PE as an 

important source of Hh signalling required for leg imaginal disc regeneration 

(Gibson and Schubiger, 1999). 

Since most of the descriptions of the eye antennal imaginal disc done in 

the past have a “DP-centered perspective”, we have decided, in the light of 

these more recent publications, to re-analyze the eye antennal imaginal disc 



giving special attention to its cellular organization and to possible cell-cell 

interactions between peripodial and DP epithelial cells.  

First, and in order to characterise in detail the cellular contacts between 

the two epithelia, we carried out a detailed transmission electron microscopy 

(TEM) analysis of the interface between the DP and the PE. That allowed us to 

find that cell contacts between PE and DP are widespread and occur throughout 

the entire eye disc, and are not restricted to the morphogenetic furrow (MF), as 

previously proposed (Gibson and Schubiger, 2000; Gibson and Schubiger, 

2001). 

Also, to try to understand the genetic differences between the PE and 

DP, an analysis of molecular markers for each tissue was performed. Here we 

found that many of these markers are shared by both epithelia, according with 

their close developmental origin, being the most striking one the shared 

expression of the eye master gene eyeless (ey). Nevertheless, some genes are 

found to be DP-specific, such as the zinc finger transcription factor teashirt 

(tsh) (see also chapter 3) or the DP downstream target of the Notch pathway 

eyegone (eyg). Another gene, odd-skipped (odd), a member of a zinc-finger 

transcription factor family of genes, is found to be exclusively expressed in the 

PE of the eye disc.  

 Also we identify a new dorsal/ventral (DV) clonal restriction border in 

the PE, in agreement with recent reports (McClure and Schubiger, 2005), which 

correlates perfectly with the pathway across the disc taken by the nerve of the 

Bowig’s organ (BN), the larval eye. Through similar analyses we find that the 

interface between PE and DP marks a line of lineage restriction, although this is 

not absolute (see also (Lim and Choi, 2004)).  

At the end of this chapter all these results are integrated in an improved 

description of the architecture of the eye disc. 

 

 

Materials and Methods 

 

 

Genotypes and genetic manipulations 

 

The following β-galactosidase reporter lines were used: dpp-lacZ 

[dppBS3.0, (Blackman et al., 1991)], E(Spl)mδ0,5 (Cooper et al., 2000), ey-z 



(http://flybase.bio.indiana.edu), fj-lacZ [fjP1, (Brodsky and Steller, 1996)], fng-

lacZ [fng35UZ-1, (Irvine and Wieschaus, 1994)], hh-lacZ [hhP30, (Lee et al., 1992)], 

mirror-lacZ [mircre2, (Netter et al., 1998)], and wg-lacZ [P{en1}wgen11, (Sato et al., 

1999)].  

The GAL4 driver lines used were: 1096-G4[MD1096, (Milan et al., 1998)], 

ey-G4 (Hazelett et al., 1998), odd-G4 [a gift from Gines Morata and M. Calleja, 

CMB spain, (Bras-Pereira et al., 2006)], omb-G4 [MD653, (Moser and Campbell, 

2005)] and pnrG4UAS-lacZ [pnrMD237, (Calleja et al., 1996)].  

The following UAS (Upstream Activating Sequence) lines were used: UAS-

caup (Dominguez and de Celis, 1998), [UAS hid, UAS-NI and UAS rpr] 

(http://flybase.bio.indiana.edu), UAS-Src-GFP (Kaltschmidt et al., 2000) and 

UAS-tau- β-galactosidase (Nakano et al., 1989).  

The iro-C- clones were generated crossing the yw;; mwh iroDFM3 

FRT80A/TM3 line [iroDFM3is a deficiency uncovering the whole Iroquois-Complex; 

(Diez del Corral et al., 1999)], either with the yw122;; FRT80A arm-lacZ line [0 

to 13 hours AEL embryos heat shocked during 25 min at 37ºC, (Pichaud and 

Casares, 2000)] or with the ey-flp;; FRT80/TM2 line (Pichaud and Casares, 

2000).  

The pnr -  clones were generated crossing the y122;; FRT82B pnrVX6/TM2 

line (Maurel-Zaffran and Treisman, 2000) with the ey-flp;; FRT82B hs-

CD2/MRKS line (Pichaud and Casares, 2000).  

Disco1 (Steller et al., 1987) mutants were analysed for the presence of 

the BN. 

Neutral clones were induced using the yw, hs-flp; tub>GFP, y+>G4 line 

(Zecca and Struhl, 2002) crossed to a UAS-lacZ reporter. Heat shock regime 

was, as previously indicated, either at 15h to 39h AEL, 24h to 48h AEL or 48h 

to 72h aeg, for 30 minutes at 35,5ºC. 

For the memory experiments, the drivers omb-G4, pnr-G4 or odd-G4 

were crossed with the UAS-flp; act>Draf>lacZ (Campbell and Tomlinson, 1998) 

line. The odd-G4 memory experiment combined with the “Minute technique” 

(Morata and Ripoll, 1975) was done by generating the following genotype: UAS-

flp; odd-G4; M FRT80A/hs-GFP FRT 80A. 

Larvae were raised at standard conditions (25ºC). 

 

 

 



KrBO-GAL4 transgenic lines 

 

The KrBO-GAL4 line was generated based on the 2,3kb genomic region 

with Bolwig´s Organ (BO) specific enhancer activity, isolated from the kruppel 

gene [a gift form D. Schmucker , (Schmucker et al., 1992)]. A NotI/BamHI 2.0kb 

fragment from the original 2,3kb fragment was subcloned into  NotI/BamHI 

site of the pPTGAL vector (Sharma et al., 2002). Transgenic lines were 

generated by standard methods.  

 

 

Transmited electron microscopy (TEM) procedures 

 

Fixation: Dissected imaginal discs were fixed in glutaraldehyde (2,5%) in  

Na Cacodylate (0,1M) buffer (30min at room temperature). After fixation 

imaginal discs were washed in Na Cacodylate (0,1M) buffer. After that, a 2 

hours post fixation step was done using OsO
4
 (4%) in RK buffer [13ml dH

2
O + 

5ml Veronal acetate buffer (Stock Solution: Barbitone sodium- 0,143M + 

Sodium acetate*3H2o- 0,140M + NaCl- 0,582M) + 7ml HCl (0,1N) (pH should be 

adjusted to 6.0-6.2 with HCl)]. After post fixation the imaginal discs were 

washed in dH
2
O.  

Dehydration: Previous to dehydration a post fixation step was done 

using uranil acetate (0,5%) in H2O during 30 minutes. After uranil fixation, 

imaginal discs were further dehydrated with ethanol (70%-10min; 90%-10min; 

100% four changes) 

Resin Infiltration: The imaginal discs were soaked in Propilen Oxide. 

After 10 minutes propilen oxide was replaced by a mixture (1:1) of Propilen 

Oxide and Epon resine (TAAB Laboratories), and incubated for 30 minutes. This 

mixture was then replaced by 100% Epon resine for 24h. Finally the Epon was 

replaced by fresh Epon and polimerization took place at 60ºC during 48 hours. 

Ultrathin sections were obtained using an ultra-microtome and collected 

in parlodium covered copper grids. Ultrathin cuts were then double contrasted 

with uranyl acetate (aqueous saturated solution) during 1 minute and lead 

citrate (Venable and Coggeshall, 1965) during 3 minutes. Micrographs were 

taken using a Zeiss EM 10C electron microscope. 

 

 



Immunostaining 

 

Antibodies used were: rabbit anti-β-galactosidase [1:1000, Cappel], 

mouse anti-β-galactosidase [1:1000, Sigma], rabbit anti-Ey (1:250, gift from 

Patrick Callaerts [(University of Houston, Houston, TX)], guinea pig anti-Eyg 

[1:2000, (Dominguez and de Celis, 1998)], guinea pig anti-Hth [1:750, (Casares 

and Mann, 1998)], mouse anti-Ptc [1:150 (Nakano et al., 1989)], rat anti Repo 

[1:1000, (Campbell et al., 1994)], rabbit anti-Spalt [1:500 (Barrio et al., 1999)], 

rat anti-Ser [1:1000, (Weihe et al., 2001)] and rabbit anti-Tsh [1:3000 (Wu and 

Cohen, 2000)]. The mouse antibodies against Armadillo [1:100, (Riggleman et 

al., 1990)], Dac [1:100, (Mardon et al., 1994)], Eya [1:100, (Bonini et al., 1993)], 

and 22C10 [1:100, (Fujita et al., 1982)] were obtained from the DSHB, 

University of Iowa. Anti-mouse, anti-rabbit and anti-guinea pig secondary 

antibodies (1:1000), conjugated with Alexa 488, 568 or 647 are from 

Molecular Probes, and anti-rat secondary antibodies (1:500) conjugated with 

FITC, Cy3 or Cy5 are from Jackson Laboratories. GFP signal was directly 

detected. Larvae were dissected in cold Phosphate Buffer Saline (PBS) and fixed 

in 3,7% paraformaldehyde during 20min at room temperature. After that, the 

discs where washed in PBS and imunostained during 2 hours for the primary 

antibody in PBT (PBS with 0.1% Triton X100). Then the discs were washed in 

PBT and stained 1 and half hours for the secondary antibodies in PBT. Imaginal 

discs were further dissected and assembled in 50% Glicerol/PBS after 

immunostaining. Images were obtained with a SP2-AOBS Leica confocal system 

or Bio-Rad MRC600 and processed with Adobe Photoshop.  

 

 

 

Results 

 

 

Structural characterization of the 3rd instar eye disc by Transmitted 

Electron Microscopy 

 

Several works have characterized at the ultrastructural level the eye 

imaginal disc of Drosophila using TEM, with a focus on the detailed description 

of the maturation and structure of ommatidia (Campbell et al., 1994; Perry, 



 
Figure 1. Diagrams representing several perspectives of the L3 eye antennal 
imaginal disc. A: Tangential section of the DP. B: Vertical cross section oriented 
in the mid DV axis. C and D: Vertical cross sections oriented in the AP axis and 
located in the undifferentiated (C) and in the differentiated (D) region of the eye 
primordium. D´: Magnification of the region 7 marked in D. Each box is a 
schematic representation of a transmitted electron microscopy section, 
maintaining approximated relative sizes. Each number is associated to a box and 
corresponds to a section. Anterior stands to the left and posterior to the right (A, 
B). Relative to the eye dorsal stands up and ventral down (A, C, D, D´). Red 
represents the eye DP and dark red the MF. Blue represents the PE, pale blue the 
head primordium and dark blue the optic nerve. Yellow correspond to the 
region of the antenna primordium. Green stands for differentiated ommatidia. As 
a final remark, the apical side of the PE always faces the apical side of the PE and 
in-between is localized the lumen. TEM images have represented a bar which 
relative length is maintained.     

 

1968; Waddington and Robertson, 1969). These studies expanded our 

knowledge on the cellular requirements during differentiation and patterning 

of the compound eye. They were also a milestone for the genetic functional 

analyses of eye development, as since then the effect of mutations affecting 

eye development could be defined at the cellular level. Nevertheless, these 

studies did not include any analysis of possible interactions between DP and PE 

epithelia.  

We have performed a TEM analysis of L3 eye-antennal discs, with special 

attention to the PE-DP interface. The regions included in this analysis are 

represented in Fig.1. Fig.1, section 1, is a cross section through the 

differentiated region of the eye disc. Note the close apposition of the apical 

sides of both PE and DP layers with a very thin luminal space. The apical tips of 



 
 
Figure1-Section1. TEM picture of a vertical cross section in the differentiated 
region of the eye disc oriented in the AP axis as schematized in Fig.1. A and A´: 
A´ is the same as A with false colors indicating different structures. Green outlines 
the ommatidia pre-clusters, red marks axons, yellow represents the fenestrated 
membrane and finally blue delineates three nucleuses from different cell types, PE 
cell (Up), photoreceptor cell (mid) and accessory cell (below). PE, DP and ON: 
delineates the regions of the PE, DP and optic nerve, respectively. B: detail of a 
group of axons penetrating the fenestrated membrane.  
 



the photoreceptors (PRs) are also 

in close contact with the PE. Cells 

of the PE tend to have a less 

electron dense cytoplasm than DP 

cells. The PE is roughly 10 times 

thinner than the DP, and this 

proportion is maintained through 

all the late L3 disc, with the 

exception of two regions: the MF, 

were the PE expands towards the 

constriction of the DP (Fig. 1, 

Section 2), and in the region that 

overlays the transition between eye 

and antennal disc lobes in the DP, 

in between the prospective eye and 

antenna where the PE is even 

thinner (Fig.1, Section 3).  

In sections along the DV 

axis (Fig.1 Sections 2, 8, 9 and 10) 

PE cells exhibit round cytoplasm 

structures (Fig.1 Sections 4 and 5), 

indicative of their stretched shape along 

the AP axis, as also observed by 

confocal microscopy (Fig.2). In DV 

sections we also observe cytoplasm 

extensions that run along the DV axis,  

The BN is a bundle of axons 

connecting the Bolwig´s Organ (BO), the 

larval photosensitive organ, to the brain 

(Bolwig, 1946). Interestingly the larval 

and adult visual system primordium (BO 

and eye disc, respectively), together 

with the region of the brain where their 

 
Figure 1-Sections 2 and 2´. TEM images 
of vertical cross sections in the 
undifferentiated region of the eye disc 
oriented in the DV axis and localized in 
the MF region, as schematised in Fig.1(2). 
S2: Section including the both adjacent 
regions of the PE (up) and apical DP 
(below). S2´: High magnification of the 
apical DP at the MF region.  

 
Figure 1-Section 3. TEM picture of a 
vertical cross section in the eye 
antennal imaginal disc oriented in the 
DV axis, as schematised in Fig.1(3). 
Section of the PE in the region between 
the antenna and the eye disc. Basal is 
up and apical faces down.  
 



 
 
Figure 1-Sections 4, 5 and 6. TEM pictures of vertical cross sections in the 
undifferentiated region of the eye disc oriented in the AP axis as schematised in 
Fig.1 (2, 3 and 4). A: Section including the PE (PE), a mid region of the DP (MDP), 
which in this case is slightly tangential oriented, and a more ventral region of the 
DP (VDP), that usually forms a ventral fold below the mid DP (see Fig. 1 for better 
visualization), which is perfectly longitudinally oriented. B: High magnification of a 
region containing only the PE (up) and the apical region of the DP (down). C: High 
magnification of the basal region of the ME. B´ and C´:  Same than B and C, 
respectively, with false colours showing in green the cytoplasm of some random 
cells which cellular membranes are possible to identify and are sketched in black. 
DP cells, although appearing to have a stratified shape, make part of a monolayer 
epithelia, always maintaining their apical basal contacts even when entering in 
mitosis (Mathi and Larsen, 1988).  



axons attach (the optic lobe), share 

the same embryonic origin, arising 

from a group of approximately 30 

cells (Namba and Minden, 1999). 

During larval stages, the BN is known 

to run along the entire AP length of 

the eye disc, from the antennal part 

to the optic stalk (OS) (Helfrich-

Forster et al., 2002). When detected 

in TEM sections, the BN nerve runs 

not attached to, but embedded in the 

PE (Fig.1 Section7) suggesting a high 

degree of interaction between this 

nerve and the PE. 

In order to identify structures 

indicative of cell-cell interaction 

between epithelia, we analysed 

ultrastructurally the luminal space 

faced by the apical sides of PE and 

DP. We identify long low electron 

dense cellular processes on PE cells, 

and shorter, thicker highly electron dense cellular processes, in particularly on 

the tips, on the DP cells (Fig.1 Sections 8, 9 and 10). Similar processes had 

already been described in the leg and wing discs (Fristom and Fristom, 1975). 

These cellular processes are observed throughout the entire eye-antennal disc, 

being present both in the differentiated (Fig.1 Section9), undifferentiated (Fig.1 

Section8) and antennal regions (Fig.1 Section10). In some examples it is 

possible to observe that some of the microvilli cross the luminal space and 

contact cells of the adjacent epithelia (Fig.1 Section10-10´). These cellular 

processes are also present even in the MF region (Fig.1 Sections 2 and 2´), 

where the luminal space separating PE and DP is wider, due to the apical 

constriction and apical-basal shortening of the DP cells (Ready et al., 1976). 

Nevertheless, we never detect contacts between PE and DP layers in the MF 

region.  

Figure 1-Section 7. TEM picture of a 
vertical cross sections in the 
differentiated region of the eye disc, as 
schematised in Fig.1(7). S7 and S7´ 
are the same. False colours (green) are 
outlining the BN in S7´.  



Also striking is the 

presence of exocytic-type 

vesicles through the entire 

disc, with a higher frequency 

in the DP at the MF region. 

Many of these vesicles are 

usually composed of a 

homogeneous low electron-

dense material, possibly 

indicating low protein 

content (Jastrow).  

To better visualise PE 

cell morphology we have 

used a PE-specific G4 driver 

line (bx1096-GAL4; (Milan 

and Cohen, 1999)), to 

ectopically express the 

cytoplasmic marker Tau-β-

galactosidase (Nakano et al., 

1989), and confocal 

microscopy. Due to the 

microtubule-binding activity 

of Tau, Tau-β-galactosidase 

marks tubulin-based cellular 

processes. The patchy 

expression of bx1096-GAL4 

allows the visualization of 

individual cells. PE cells are elongated along the AP axis (Fig2A). In some cases 

it is also possible to detect long cellular processes across several cells reaching 

other cellular processes from cells far way (Fig2B). In addition, although 

infrequently, we detect some long cellular PE processes that cross the lumen 

and enter deep into the DP (Fig.2C).  In this experiment, we co-expressed a 

nuclear-GFP together with Tau-β-galactosidase in order to unambiguously 

identify cellular processes that cross the lumen from the PE in to the DP as 

done above using TEM. The lack of resolution of the confocal microscope in 

vertical sections makes it impossible to detect short cellular processes as in 

 Figure 1-Sections 8, 9 and 10. TEM pictures of 
vertical cross sections of the eye disc oriented in 
the DV axis as schematised in Fig.1 (8, 9 and 10). 
A, B and C: Sections localized in the 
undifferentiated, differentiated and antenna 
regions of the eye antennal imaginal disc, 
respectively, showing the apical region of the PE 
(up), the apical region of the DP (below) and 
translumenal extensions from both epithelia. C´: 
Higher magnification of a detail in C 
corresponding to the converging of PE and ME 
translumenal contacts. 



TEM, but the use of tubulin-based PE cellular markers allow the detection of 

longer processes. (fig.2C).  

 
 

Characterization of the eye-antennal imaginal disc Peripodial Epithelium 

(PE) using molecular markers: analysis on the genetic nature of the PE cells 

 

In order to understand the nature of PE cells we have analysed the 

expression pattern, in these cells, of several genes involved in establishing the 

AP and DV axes of the DP cells. Interestingly, ey, one of the two pax6 eye 

selector genes (Halder et al., 1995; Niimi et al., 1999), is expressed also in the 

PE of the eye disc (Fig.3A-C, and Chapter 3 in more detail), and yet these cells 

do not become eye-fated. tsh, although expressed together with ey in the 

anterior DP, is not detected at significant levels in the ey positive PE cells 

(Fig.3A-C). Relative to the Early Retinal Genes (ERG) characteristic of the pre-

proneural (ppn) domain of the DP, only the transcription factor of the Six 

family gene so is observed in the PE (Fig.3D-G), while eya (Fig.3H-J) and dac 

(Fig.3S, T) are not detected at significant levels. Interestingly, hth, a gene 

characteristic of the most anterior region adjacent to the ppn region of the DP 

is expressed trough the entire PE (Fig.3D-G). 

 
Figure 2. Confocal images of 1096-G4 Uas-Tau-lacZ UasGFP-nuc third instar eye 
antennal imaginal discs. A and B: PE focal plane showing by imunnostaining the 
tubulin binding Tau-lacZ (green) for the G4 expressing cells, Hth (blue) for the 
PE cells and the neuronal marker 22C10 (red) for the BN. Dorsal up and 
posterior right oriented. C: Vertical section in the mid DV axis.  The GFP-nuc 
(red) and Tau-lacZ (green) are expressed in the PE cells (up) yet it is possible to 
localize Tau-lacZ (green) in the region of the DP (below), not stained. 



Figure 3. Confocal images of WT third instar eye antennal imaginal discs stained 
for DP AP markers. The discs are oriented anterior left and posterior right. For 
tangential optic sections dorsal is up and ventral below. For vertical cross sections 
PE is above and the ME is below. Left column images (A, D, H, L, P and S) are DP 
focal planes. Middle column images (B, E, I, M and Q) are PE focal planes. A-C: 
Distribution patterns of Tsh (red) and Ey (green), C represents a vertical cross 
section oriented as described in A by white line. The top panel presents the mix 
channels and below represent each channels. D-G: so β-galactosidase reporter line 
(blue), triple stained with Hth (green) and 22C10 (red). F and G are the separated 
channels of E. H-J: Distribution patterns of Eya (red) and Hth (green). J is the 
separated red channel of I. L-O: Reporter line with lacZ for dpp expression, triple 
stained with Ptc (red) and Hth (green), N and O are separated channels of M. P-R: 
Reporter line with lacZ for hh (red) and G4 driver for odd (green) expression, 
counterstained for Arm (blue). R is a detail of P with mixed and separated channels 
showing the margin cells. S, T: Distribution of Dac (red) and Hth (green). T shows a 
vertical cross section oriented as described in S by white line. 

 



dpp is one of the genes that characterise molecularly the MF in the DP 

but its expression is never observed in the PE (Fig.3L-O). However, it has been 

recently demonstrated that dpp has a weak expression on the ventral PE of the 

antenna region, required for proper head development , but a requirement of 

hh for this expression, similarly to what happens in the DP, has not been 

demonstrated (Stultz et al., 2006). 

By examining several gene reporters, we found that odd is expressed 

specifically in the PE of the eye disc (Bras-Pereira et al., 2006). odd, a gene that 

together with brother of odd with entrails limited (bowl), sister of odd and bowl 

(sob) and drumstick (drm), belong to the Odd-family of zinc finger 

transcription factors, is expressed trough the entire PE with the exception of 

the Wg domain, being co-expressed at the posterior margin of the eye disc 

with hh (Fig.3P-R) (Bras-Pereira et al., 2006). The localized expression of odd 

and its related gene drm along the margin seems to activate functionally bowl. 

Bowl, in turn is required at the margin for hh expression and, thus, for the 

initiation of retinal differentiation (Bras-Pereira et al., 2006). The domain of odd 

and drm expression is limited anteriorly within the disc by wg (Bras-Pereira et 

all, 2006).  

We also found that most of the genes responsible for dorsal identity in 

the DP, the GATA transcription factor pnr, the morphogen Wg and the member 

of the Iroquois Complex (iro-C), mirror (Diez del Corral et al., 1999; Lee et al., 

1992; Maurel-Zaffran and Treisman, 2000; Pichaud and Casares, 2000), are 

also expressed in the dorsal region of the PE (Fig.4A-F), a fact that led us to 

think that the PE cells could have a distinct DV identity as DP cells do. Fringe 

(Fng), a glycosyltransferase that acts upon the Notch receptor and that it is 

important to define the DP ventral region of the eye disc (Bruckner et al., 2000; 

Dominguez and de Celis, 1998; Milan et al., 1998; Moloney et al., 2000; 

Papayannopoulos et al., 1998), is also expressed in the ventral region of the PE 

(Fig.4G-J), although the Notch ligand Ser (Fig.4L-N) is not abundant in the PE. 

eyg, a downstream target of Notch in the eye (Dominguez and de Celis, 1998) 

is also not detected in the PE (Fig.4O-Q), which indicates that either the activity 

of the Notch pathway is very low in PE cells or that the eyg regulation is DP-

specific. 

As we showed previously, PE cells are highly polarized along the disc’s 

AP axis. For that reason we analysed the expression pattern of four-jointed (fj) 

in the PE, since it has been shown to be involved in eye disc DP planar cell 



 

 

Figure 4. Confocal images of third instar imaginal discs stained for DP-DV 
markers, showing in the left column (A, D, G, L, O and R) the DP focal plane, and in 
the middle column (B, E, H, M, P, and S) the PE focal plane. A-C: LacZ and G4 Uas-
GFP reporters for iro-C (red) and pnr (green), respectively, co-stained with anti Hth 
(blue). C is a vertical cross section. D-F: LacZ reporter line for the expression of wg 
(red) co-stained with Hth antibody (green). F is the separated channel for wg-lacZ 
from image E. G-J: LacZ reporter line for the expression of fng (red), co-stained 
with Hth antibody (green). I and J: detail of the ventral region from H, 
corresponding to the mix channels (I) and the red channel denoting fng by its one 
(J). L-N: Ser localization detected by Ser antibody (red), co-stained with anti Hth 
(green) and anti 22C10 (blue) antibodies. N is the Ser separated channel from M. 
O-Q: HthG4 Uas-GFP reporter line for hth expression (green) co-stained with anti 
Eyg antibody (red). Q shows the separated channel of Eyg from P. R-T: β-gal 
reporter line for the expression of fj (red) co-stained with anti Hth antibody 
(green). T is the fj separated channel from S. 



polarity, being required for proper ommatidia rotation (Lim et al., 2005; Simon, 

2004). We have found that fj is expressed trough the entire eye disc PE, 

showing higher levels of expression in the ventral region of the antenna and in 

the anterior dorsal region of the eye disc (Fig.4R-T). 

 

 

Clonal analysis in the PE: identification of compartmental borders and 

characterization of clone morphology.  

 

Signaling centers in Drosophila melanogaster tend to delimit 

compartmental borders (Blair, 2003a; Blair, 2003b; Meinhardt, 1983), the 

classic example being the AP and DV borders of the wing imaginal disc (Crick 

and Lawrence, 1975; Garcia-Bellido et al., 1973; Kuhn et al., 1983). PE also 

seems to act as a signalling center, in one hand as a source of Hh, required for 

the trigger of retinal differentiation (Bras-Pereira et al., 2006), and in the other 

hand as source of Wg, required for DV patterning and to prevent precocious 

triggering of differentiation in the DP, so it may also be composed of 

compartments. In order to identify potential compartmental borders and to 

understand when in development they appear, we have generated neutral 

clones at different time points. For this we have resourced to the heat-shock 

flip-out technique, in which clones of cells are marked by the expression of the 

marker ß-Galactosidase induced at different developmental times. Clone 

morphology also gives us additional information about properties such as 

preferential cell division or cell allocation. We induced the clones at 15, 24 and 

48 hours after egg laying and analysed their distribution in late L3 discs (Fig.5 

Table). First, and independently of the time which the clones where generated, 

PE clones are always elongated along the AP axis, usually shaped as a wedge, 

broader at the disc poles and tapering towards the center. Second, most clones 

do not cross the DV straight line drawn by the BN in the eye regions (13 of 

clones that do not cross/19 total), while clones cross this line in the antennal 

part. As shown below, this PE-DV border coincides with the DV boundary of the 

DP (Fig.5A and Fig.6E). In contrast, the clones generated in the DP have a 

round configuration (Fig.5 E and H), yet it is also possible to find a DV 

restriction (Fig.5E) even in discs heat-shocked 15h after egg laying (AEL) (not 

shown), in agreement with (Diez del Corral et al., 1999). 



 
Figure 5. Neutral mosaic analysis done using a flip-out lacZ line. Table: 
Drosophila developmental stages with a correspondence in hours. In red (15-
39h), blue (24-48h) and green (48-72h) is represented the time window applied 
for each batch of mosaics induction. A-I: Neutral mosaics are positively marked 
with lacZ (green) and co-stained with anti 22C10 antibody (red), except for C, F 
and I. Each column shows different focal planes of one imaginal disc heat 
shocked at a particular time window, from left to right: 15-39h, 24-48h and 48-
72h. Each row represents, from top to bottom: 1) the PE, 2) ME and 3) merge of 
PE (green) and ME (red) focal planes for lacZ. In all images dorsal stands up, and 
anterior to the right, relative to the eye disc. 

 Large PE clones, generated at 15 hours AEG, are able to grow from the 

most anterior region of the antenna to the most posterior region of the eye 

disc, yet they do not freely invade the DP, were just a few PE progeny cells are 

detected. This indicates the existence of a growth restriction at the posterior 

margin of the eye disc, although this restriction is not absolute (Fig.5 C, F and 

I). This restriction had been already observed, by Baker (Baker, 1978) through 

the analysis of the distribution and borders of marked clones in the adult head. 

Interestingly, the posterior margin of the disc works as a signalling center, 

required for trigger of eye differentiation through the production of hh, and 



also working as a planar polarity organiser (Bras-Pereira et al., 2006; Lim and 

Choi, 2004) 

In order to further test the presence of a PE-DV and a PE/DP 

compartmental border, we have induced neutral clones only in the PE, using  

specific GAL4 driver lines to drive flipase expression in specific regions of the 

disc, which, in turn, marks genetically the GAL4-expressing cells and their 

progeny (Campbell and Tomlinson, 1998). Thus we call these experiments 

“memory” experiments. To test the PE-DV compartmental border we used both 

pnr-GAL4 and optomotor-blind (omb)-GAL4 to drive the expression of flipase. 

pnr is expressed since second instar larva in the dorsal region of the eye disc 

primordium (Singh and Choi, 2003) and omb, that although not being specific 

for the PE is expressed in early larval stages in the ventral region of the disc 

and later on dorsally, both in the PE and DP (Poeck et al., 1993). Analysing the 

memory experiment for pnr and omb we observe that all the cell progeny of 

both genes got restricted to the dorsal and ventral regions of the eye proper 

PE, respectively (Fig.6C and D). Again we can also observe absence of a 

compartmental border in the antenna region (Fig.6D). Interestingly, in the pnr 

memory experiment, we are also able to identify some marked cells in the 

posterior DP (Fig.6E). Also to test the posterior margin compartmental border 

we carried out a memory experiment using odd-GAL4 as a driver line. This 

driver, as far as we can tell, is highly specific for the PE trough all the larval 

development (Fig.3P-R and Fig.6A-B, in L1 larvae it is possible to identify the PE 

since it is the tissue surrounding the BN). The odd-GAL4 memory experiments 

show that almost all the PE, except for a dorsal region -possibly wg positive-, 

derives from odd expressing cells (Fig.6G-J). Also, the marked cells respect the 

boundary at the posterior margin, with the exception of a few cells at the 

posterior-most DP region, as already described above for the neutral clones 

and pnr-GAL4 memory experiment (Fig.6H).   

A compartmental border prevents the mixing of cells from either side of 

the border, even when cells in one of the compartments are given a growth 

advantage (Garcia-Bellido et al., 1973; Garcia-Bellido et al., 1976). In order to 

test if the PE/DP compartmental border would stand in a situation of growth 

advantage, we have generated clones, marked by GFP, in a Minute 

heterozygous condition (Calleja et al., 1996). Minutes are a class of mutations 

that diminish the mitotic rate and that are usually associated to ribosomal 

proteins (Kongsuwan et al., 1985). Minute homozygous cells do not survive, 



 

Figure 6. Memory experiments for pnr, omb and odd. Dorsal is upwards and 
anterior is leftwards relative to the eye disc. A and B: odd-G4 UAS-GFP reporter line 
(green) showing the expression pattern in early L2, counterstained with the nuclear 
marker propidium iodide (PI, red) and 22C10 (red). A is the merge of three 
different focal planes of the odd and PI/22C10 mixed channels. B is the merge of 
two focal planes of the 22C10/PI channel. Arrow marks the BN. C: PE focal plane of 
an omb memory experiment (omb-G4; Uas-Flp; Flip-Out Uas-lacZ). lacZ is marked in 
green, Hth in blue and 22C10 in red. D and E: PE (D) and DP (E) focal planes of a 
pnr memory experiment. lacZ is marked in green, hth in blue and 22C10 in red. F-
H: PE (G) and DP (F) focal planes of an odd memory experiment. LacZ is marked in 
green and Eya in red. Eya is used here as a DP specific marker. Yellow arrowheads 
mark the lacZ positive cells in the Eya domain. H shows a vertical cross section in 
the mid DV axis of F and G. lacZ and Eya channels are mixed in the top panel and 
separated in the bottom two panels. I-L: odd memory experiment in a Minute 
background (odd-G4; Uas-Flp; M FRT/ GFP FRT). GFP homozygous cells (clearly 
green) suffered recombination mediated by odd-G4 Uas-Flp, having acquired a 
growth advantage relative to the neighbouring cells (GFP heterozygous/Minute 
heterozygous). These discs were stained with Eya antibody (red), to mark the DP, 
and Hth antibody (blue). Only a small group of GFP homozygous cells entered the 
DP as detailed in L (yellow arrow). PE (J) and DP (I and L) focal planes. 



while wild type cells (Minute +/+) out-compete the heterozygous (Minute +/-) 

ones, filling in larger territories. To generate large clones exclusively in the PE, 

we used odd-GAL4 to drive Flipase. Minute+/+ cells are marked by the 

expression of two copies of GFP. If the posterior margin would not be an 

effective compartmental border one might expect that the lineage of odd-

expressing cells would colonize most the 

DP. This in not the case: odd-GAL4-lineage 

fill up most of the PE and margin, but with 

the exception of a few cells, does not 

colonize the DP. This result adds to the 

idea that the posterior disc margin 

behaves as a lineage restriction border 

(Fig.6I-L).   

 

 
The Bolwig’s nerve interaction with 

the eye antennal imaginal disc.  

 

The BN, which connects the PRs of 

the Bolwig Organ (BO) to the brain, is 

integrated in the PE of the eye antennal 

imaginal disc, as shown above. 

Interestingly, the place where it integrates 

in the PE correlates with the PE-DV border. 

The interaction between the BN and the PE 

differs in different disc regions (Fig.7). Using TEM, we find that while the BN 

attaches to the basement membrane of the PE in the region of the antenna, it 

becomes ensheathed by the PE in the eye region of the disc. Supporting this 

eye-specific interaction, nuclei tend to surround the BN pathway in the eye 

region of the PE whereas in the antenna PE nuclei are distributed randomly 

relative to the BN (Fig.8A-C). The same happens in the most posterior region of 

the eye disc, where the BN starts to get detached from the PE to become 

integrated into the optic stalk (Fig.8D-F).  

To test if the PE-DV border of the eye disc has a role in the orientation 

and/or attachment of the BN, we have done loss of function clones for iro-C or 

pnr, known genes required for dorsal identity (Diez del Corral et al., 1999; 

 
Figure 7. TEM images of vertical 
cross sections in the AP axis 
showing the BN. A: BN in 
posterior differentiated region of 
the eye disc. B: BN in the antenna 
region of the eye antennal 
imaginal disc.  



 

 

Figure 8. A-C: PE focal planes showing nuclei positioning (Hth, green) relative to 
the BN (22C10, red). Nuclei tend to stay in the borders of the BN pathway (white 
arrowheads). C is a higher magnification of A, white arrows point to nuclei beneath 
the BN pathway. D and E: Two different focal planes showing the BN positioning 
relative to the PE in the most posterior region of the eye disc. In this region the 
nerve starts to get detached from the PE (E). F: Staining with anti Repo antibody 
(red) showing the optic stalk where the BN gets integrated, at the same time that 
gets detached from the PE/margin, stained with anti Hth antibody. G: Early ey-lacZ 
kr-G4 UAS-GFP embryo (13 stage, lacZ-red, GFP-green) showing a co-localization of 
the BN and the eye primordium (higher detail in inset). H: E(Spl)mδ0,5 LacZ 
reporter line that allow us to detect the DV equator (yellow arrowhead), co-stained 
with 22C10 antibody (green). The left panel shows the red channel alone, 
corresponding to the DP focal plane, and in the right panel is the same picture 
merged with the above PE focal 22C10 channel. This merged image allows us to 
determine the position of the BN relative to the DV equator of the DP.  
 



 
Figure 9. ey-G4 UAS-Caup (A and B) and ey-G4 
UAS-Notchintra (C and D) L3 eye antennal 
imaginal discs. Antibodies against 22C10 
(red) and Hth (green) were used. White arrows 
point to the BN. Inset in A show a detail of the 
BN in another focal plane in the same disc. 
Inset in B shows the adult phenotype of of A 
and B. 

Heberlein et al., 1998; Lee et al., 1992; Ma and Moses, 1995; Maurel-Zaffran 

and Treisman, 2000; Pichaud and Casares, 2000). In this experiment we were 

not able to generate complete mutant eye discs for iro-C or pnr and for the 

recovered mosaic discs it is impossible to be sure that no pnr or iro-C 

expressing cells were present at the time of the BN first contacted the eye disc, 

yet we observed that most mosaic discs still had the BN (not shown). Also, to 

disturb the DV border of the eye disc, we have used an ey-GAL4 driver line to 

ectopically express, through all the eye disc and from early developmental 

stages, caupolican, a member of the iro-C of genes and the intracellular 

activated form of the receptor of the Notch pathway, which would mimic the 

activation of Notch during 

establishment of the DV 

border in the DP. Again in 

these experiments we were 

able to detect the presence of 

the BN attached to the PE with 

an apparent correct 

orientation (Fig.9). The 

disturbance of the DV border 

was confirmed by the adult 

phenotypes obtained (Fig.9.B). 

In agreement with unneeded 

DV boundary for BN 

attachment to the eye disc is 

the fact that the early phases 

of DV asymmetry appear at L1 

stage with the activation of 

pnr (Singh and Choi, 2003), 

happening slightly later than 

the first contact between the BN and the eye disc primordium, that we have 

found to occur around embryonic stage 13 (consistent with (Schmucker et al., 

1992)), when the first clear contact of the two structures is observed (Fig.8G). 

Therefore, the attachment of the BN to the eye PE occurs prior to the 

establishment of the PE-DV border and its maintenance is independent of a 

precise deployment of DV genes in the PE. 



 
 
Figure 10. A and B: disco1 mutant eye antennal 
imaginal disc stained with 22C10 (green) and 
Spalt (red) antibodies. In A is documented the 
PE focal plane with the mixed channels for 
22C10, marking the BN, and for Spalt. B shows 
the DP for the Spalt channel, where it is 
possible to observe the DV equator in the 
photoreceptors (white arrowhead).  C and D: BO 
from a 13 stage kr-G4 UAS-GFP embryo before 
(A) and after (B) laser ablation. White arrow 
points to the region of ablation, just below the 
converging of axons from the BO. 

To test if the BN has a role in the formation of the eye DV border we 

decided to ablate the BN very early in development, before it could connect 

with the eye disc primordium at embryonic stage 13. For that we have tried 

three different strategies: first the use of specific mutants that present defects 

in the larval visual system; second laser ablation of the BN; and third the 

targeted induction of apoptotic genes to the BO with a specific GAL4 driver 

line. 

Concerning the use of mutations that affect the larval visual system, it is 

known that in disconnected (disco) mutants the BN fails to recognize and 

establish stable connections with its correct synaptic partners in the optic lobe 
(Steller et al., 1987). We have analysed the disco1 allele and observed that in 

most larvae the eye antennal 

imaginal discs still had the 

BN, although some times not 

properly attached to the PE. 

This suggests that an early 

attachment to the eye 

primordium still occurs in 

this mutant condition. In any 

case a severe effect in late 

DV asymmetry of the DP or 

any problem in the trigger of 

differentiation was ever 

observed (Fig.10A and B). It 

seems that disconnecting 

the BN from the brain does 

not result in detachment 

from the PE; in addition, 

since in most cases disco 

mutant discs still retain the 

BN attached, disco mutants 

are unlikely to disrupt the 

early BN-PE interaction. 

Laser ablation of the BN in embryonic stages was also tested as a means 

to avoid early BN-PE interaction. It is known that kruppel (kr) is expressed in 

the larval visual system since its primordium is formed (Gaul et al., 1987).  



Therefore, in order to visualize the BO and BN in vivo, we have used a kr-GAL4 

driver line to express a cytoplasmic GFP. Ablation of the BN was induced by 

focused laser illumination using confocal and multi-photon microscopy. We 

considered that the BN had been ablated if two criteria were met: the 

appearance of green autoflorescence in the targeted region (Fig.10C and D) 

and the following GFP loss in the BN and BO. About 30 embryos were treated. 

Unfortunately all the treated embryos died in early larval stages. We noticed 

that the treated larvae did not move as actively as non-treated larvae, possibly 

indicating that the ablation procedure damaged the musculature surrounding 

the mouth hooks which encase the BN. 

Pursuing the same objective of ablating the BN we first used the kr-GAL4 

driver line to induce reapear (rpr) or hid (hd), genes activators of the apoptotic 

pathway. These experiments led to embryonic lethality, as kr is expressed 

during early embryogenesis (Gaul et al., 1987) (Fig.11A). Therefore, we decided 

to synthesize a GAL4 driver containing the BO-specific kr enhancer, krBO-

GAL4, which is inactive during early embryogenesis (Schmucker et al., 1992). 

Analysing the expression pattern of different transgenic lines for this driver (in 

individuals of the genotype krBO-Gal4; UAS-GFP) we found that, although its 

expression is specific for the BO during late embryogenesis (Fig.11B), GFP 

expression builds up during larval life in the fat body and salivary glands, 

which indicates ectopic activity of the driver (Fig.11D-E). In addition, there is 

expression in a few differentiated PRs in late L3 eye discs, which represents a 

kr-specific expression (Fig.11C). Again, driving rpr or hd with the krBO-GAL4 

 
Figure 11. A: kr-G4 UAS-GFP (green). It is possible to observe generalised GFP 
expression not only restricted to the BO (white arrowhead). B: krBO-G4 UAS-GFP 
(green). Expression is clearly restricted to the BO (white arrow). C-E: Late 
expression of the krBO-G4 driver line in the posterior photoreceptors of L3 eye 
discs (C), early larval fat body (D) and gut (E). 



lines caused larval lethality before stages where eye disc development could be 

analyzed.  

 

 

 

Discussion  

 

 

PE vs DP: differences and similarities 

 

PE and DP cells differ significantly in morphology. PE cells are squamous 

and flat, with low electron dense cytoplasm and elongated along the AP axis. 

DP cells are columnar and highly electron dense. Despite these clear 

differences, the analysis of the expression of molecular markers shows that 

both cell types share common factors, including the Pax6 gene ey. This is 

striking, as ey expression is sufficient to induce eye differentiation in several 

discs (Halder et al., 1995). The expression profile of PE cells resembles that of 

the undifferentiated cell population of the DP, being positive for ey, wg and hth 

and negative for high levels of dac and eya. Noteworthy, PE cells express so 

but not tsh. In this context one could argue that most of the PE cells of the eye 

disc are undifferentiated eye cells. In fact, the posterior margin of the eye disc, 

which is a specialized region of the PE, also contributes to DP and 

differentiates as retina. Similar contributions of PE cells to the DP-derived 

structures have also been reported in the wing and leg imaginal discs (McClure 

and Schubiger, 2005). Furthermore in chapter 2 we demonstrate that the 

ectopic expression of tsh in the PE is able to generate ectopic eye 

differentiation, effect never observed in any other imaginal disc by ectopic tsh 

expression alone. Therefore, it could be argued that PE cells, although 

expressing retinal determination genes cannot proceed further towards eye 

differentiations because the specific lack of tsh expression. Another striking 

difference between these two epithelia is illustrated by the exclusive presence 

of odd and drm in the PE. For this reason odd or drm could be good candidate 

genes to work as repressors of eye differentiation in the PE. Nevertheless 

ectopic expression of odd in the DP does not block eye differentiation (Bras-

Pereira et al., 2006) or represses tsh expression (not shown).  



Therefore, a genetic explanation for the differences between PE and DP 

cells within the eye imaginal disc is still lacking. We can hypothesize that a 

factor/s, acting in parallel or downstream of ey must exist in order to (1) 

prevent eye differentiation in the PE and (2) attribute to the PE cells their 

morphological characteristics. 

 

 

PE –DP cell to cell contacts: Translumenal extensions. 

 

The PE and the DP of the eye disc are two morphologically and 

functionally different populations of cells that lay in close contact by their 

apical sides. Two works have demonstrated the existence of cellular contacts 

between these two epithelia by translumenal extensions formed by the PE (Cho 

et al., 2000; Gibson and Schubiger, 2000). Interestingly, Gibson and Schubiger 

(2000) have described the translumenal extensions as actin-based processes 

mostly localised in the MF. In our work, though, using TEM, we find 

translumenal extensions through the entire eye disc and in both epithelia, with 

the exception of the MF. The absence of translumenal extensions in the MF in 

our analysis could be explained if the processing of the sample for TEM 

destroyed them or cause them to retract, specifically at the MF, if this were a 

especially sensitive region. Supporting this, Gibson and Schubiger were only 

able to detect translumenal extensions in live imaginal discs, since fixation 

resulted in loss of these structures. The fact that Gibson and Schubiger did not 

detect translumenal extension beyond the MF could be explained by the lack of 

resolution of confocal microscopy, as in regions other than the MF the lumen 

between DP and PE is very narrow. Nevertheless Cho and co-workers (2000) 

using normal fixation procedures detected similar processes, although not 

particularly located in the MF. This could be telling us either that there are two 

kinds of extensions, one of them sensible to fixation and highly specific for the 

MF or alternatively that in general, the extensions in the eye disc are 

particularly sensitive to fixation in the MF region. Yet the fact that extensions 

are found trough the entire disc raises the possibility of being involved in more 

general aspects of signalling between epithelia. 

  

 

 



The PE eye disc DV boundary 

 

In this work we show that most of the factors required for DV 

specification in the DP, like pnr, wg, iro-C genes and fng, are also expressed in 

similar patterns in the PE. These expression patterns might indicate the 

presence of a DV organizer in the PE. In fact, using lineage tracing experiments 

and clonal analysis, we demonstrate the existence of a DV boundary in the PE. 

This DV boundary supports the possibility of the existence of a PE DV 

organizer, it is known that most of the compartmental borders in Drosophila 

are important signalling centres (Blair, 2003a; Blair, 2003b; Meinhardt, 1983). 

Also, this boundary coincides with the stretch of the BN pathway in which the 

nerve is ensheathed by the PE –that is, the eye disc part.  

Nevertheless the function of the DV border in the eye disc PE is still not 

known, yet several possibilities could be considered: (1) Wg, which lies 

upstream of the DV cascade, is strongly expressed in the dorsal PE, from where 

it could diffuse to the DP and act as a a “fail-safe” mechanism to ensure proper 

DV patterning of the DP. (2) fng, which encodes a glycosyltransferase that 

modifies Notch receptor increasing its affinity for the ligand Dl (Bruckner et al., 

2000; Milan et al., 1998; Moloney et al., 2000), is required for the high 

activation of Notch in the DP-DV border. Since fng is expressed with similar 

expression patterns in PE and DP, one could expect that PE cells have the same 

potential as DP cells to activate the Notch pathway along their DV border. 

Nevertheles, high levels of the Notch ligands Dl or Ser are not detected in the 

PE. Accordingly, eyg, a downstream target of Notch in the DP, is not detected 

in the PE. Still, the potential of PE cells to locally activate the Notch pathway in 

the DV border might be important at the posterior margin of the eye disc, a 

place where PE cells might be in contact with highly expressing Ser and Dl cells 

of the DP, generating a Notch activated posterior margin region, prone to 

trigger retinal differentiation. 

 

 

The BN – An insight into the eye disc DV axis through the perspective of 

a larva 

 

In this work we report the tight interaction of the BN with the DV border 

cells of the eye disc PE. One hypothesis raised by this simple observation is 



that this interaction might be somehow related with the establishment of the 

DV polarity of the eye disc, being the interaction a cause or a consequence of 

this DV boundary, or just two independently regulated, but correlated, 

processes. Interestingly, this BN-PE interaction does not seem to be required 

for late DV polarity in the DP, as observed in some disco mutant discs where 

the attachment has been lost or disturbed. Furthermore, two pieces of 

evidence lead us to think that the positioning of the BN on the PE might not 

depend on the establishment of DV border itself: First, the first interaction of 

the BN with the eye disc occurs during the embryonic stage 13, prior to the 

expression of pnr during early L2, which in turn triggers the DV cascade (Singh 

and Choi, 2003). Second, loss of function clones of pnr and ectopic expression 

of notch and mirror, that disrupt the correct DV polarity of the eye disc, do not 

show indications of misguidance or detachment of the BN. One possibility that 

still stands is that the BN might be required for correct trigger or maintenance 

of the DV border during early larval stages of development working as a 

signalling center or/and a physical barrier between the dorsal and ventral 

domains of the eye disc PE. The proper experiment to test this hypothesis 

would be to ablate the BN early during development, previous to BN/eye-

primordium interaction or DV polarization in the eye disc. Among several 

techniques used for this purpose, none has proven successful.  

 

 

Drosophila, the genetic top model: Lessons to attain from evolutionary 

divergent insects. 

 

Recently it has been proposed that the eye disc PE has a role beyond 

evertion and fusion of the disc in early eye development. Here we show that 

the eye disc PE shares many characteristics with the DP, among them the 

existence of similar DV patterning in both epithelia. Although the role of the PE 

in Drosophila eye development is still not completely clear, other direct 

developed insects (hemimetabolous), such as the grasshopper Schistocerca 

americana, form compound eyes without a PE-like structure. Strikingly, during 

the grasshopper eye development wg is not expressed in a polarised manner 

(Friedrich and Benzer, 2000), even more, no evidences exist of fng being 

expressed in the ventral eye primordium, meaning that  possibly there is no DV 

determination, at least Wg mediated or Notch induced (Dearden and Akam, 



2000). In agreement with this is the lack of evidences for ommatidial chirality 

(which depends, in Drosophila, on the DV Notch organizer) in grasshopper eyes 

(Wilson et al., 1978). The major difference between grasshopper and fruit fly 

eye development is that in the former adult eye starts right after the embryonic 

eye is formed, while in the latter the adult compound eye only commences to 

differentiate in postembryonic stages. This means that during the evolution, 

holometabolous development required a mechanism to postpone adult eye 

differentiation and, as a consequence, had to find a way to trigger it later on in 

a post-embryonic stage. The Wg triggered DV Notch activation could be the 

solution that Drosophila found to the late trigger of retinal differentiation 

problem. So the PE as well as the DV polarity in Drosophila eye development 

should be regarded as evolutionary novelties during development.  
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Chapter II 

 

 

 

Combinatorial control of 

Drosophila eye development 

by Eyeless, Homothorax, and 

Teashirt. 

 

 

  

In chapter 1 we have identified several 

subdomains along the anterior-posterior axis 

of the eye disc according to the distinct 

combinations of transcription factors they 

express. In the most anterior domain, the 

proliferative undifferentiated region of the eye 

primordium, we found co-expression of ey, hth 

and tsh. In this work we aim to understand the 

role of the transcription factors encoded by 

such genes during eye development and the 

possible interactions among them.  

 

 

 

 

 



 



Combinatorial control of Drosophila eye
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In Drosophila, the development of the compound eye depends on the movement of a morphogenetic furrow
(MF) from the posterior (P) to the anterior (A) of the eye imaginal disc. We define several subdomains along
the A–P axis of the eye disc that express distinct combinations of transcription factors. One subdomain,
anterior to the MF, expresses two homeobox genes, eyeless (ey) and homothorax (hth), and the zinc-finger gene
teashirt (tsh). We provide evidence that this combination of transcription factors may function as a complex
and that it plays at least two roles in eye development: it blocks the expression of later-acting transcription
factors in the eye development cascade, and it promotes cell proliferation. A key step in the transition from an
immature proliferative state to a committed state in eye development is the repression of hth by the BMP-4
homolog Decapentaplegic (Dpp).
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During animal development, cell proliferation must be
tightly coordinated with differentiation. For each body
part to develop properly, there must be sufficient prolif-
eration to provide enough cells to form the final struc-
ture. There must also be mechanisms to ensure that pro-
liferation is terminated and that differentiation of spe-
cific cell types begins at the correct times. Finally, there
must be mechanisms to ensure that each body part will
be proportioned correctly, both in relation to itself and to
the rest of the organism. Although critical to animal de-
velopment, how these processes are controlled and coor-
dinated with each other remains largely unknown and is
therefore a focus in biology at present.
The development of the compound eye of Drosophila

melanogaster provides a unique experimental system in
which differentiation and proliferation during develop-
ment can be readily examined. The adult fly eye is com-
prised of ∼ 800 units, called ommatidia, which are packed
in a regular hexagonal array (Ready et al. 1976). Each
ommatidium contains a collection of 8 photoreceptor
cells and 11 accessory cells. These cell types form in a
stereotyped and lineage-independent manner in the
wake of a morphogenetic furrow (MF) that sweeps across
the eye imaginal disc during the third larval instar stage
of Drosophila development. The MF initiates at the pos-

terior (P) margin of the eye disc and moves across the
disc in the anterior (A) direction. Ahead (anterior) of the
MF, cells are not committed to any particular cell type
and divide in an unsynchronized manner (Wolff and
Ready 1991). As the MF moves across the disc, it coor-
dinates the cell cycle and initiates photoreceptor differ-
entiation, in part by inducing the expression of the pro-
neural gene atonal (ato; Jarman et al. 1994; Baker et al.
1996; Dominguez 1999; for review, see Baker 2001). Af-
ter an initial low level and uniform expression in theMF,
ato is up-regulated in single, isolated cells that will de-
velop into the first committed cell in each ommatidium,
the R8 photoreceptor. Behind (posterior) the MF, omma-
tidia form in a stepwise manner as additional cells are
recruited to join the R8 cell. Through a reiterative use of
the epidermal growth factor (EGF) receptor pathway,
these cells differentiate into the seven remaining photo-
receptor cells and accessory cells (Freeman 1996). Thus,
at any one time during the third-instar stage, cells at
multiple stages of differentiation and commitment are
displayed along the A–P axis of the eye disc (for review,
see Treisman and Heberlein 1998; Reifegerste and Moses
1999).
The progression of the MF across the eye disc and dif-

ferentiation of ommatidial cell types uses at least three
cell–cell signaling pathways. Hedgehog (Hh), secreted by
differentiating photoreceptors in and behind the MF, sig-
nals to more anterior cells to initiate photoreceptor dif-
ferentiation (for review, see Treisman and Heberlein
1998). To accomplish this, Hh induces at least two sec-
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ondary signals, Dpp, a secreted molecule, and Delta (Dl),
a transmembrane ligand in the Notch pathway. Dpp acts
at long range ahead of the MF to induce a pre-proneural
(PPN) state (Greenwood and Struhl 1999; Baonza and
Freeman 2001). One marker for the PPN domain is hairy,
which encodes a transcriptional repressor of ato. Once
Dpp has induced the PPN state Dl, also expressed in cells
in and behind the MF, represses hairy and extramacro-
chaete, another inhibitor of ato (Brown et al. 1995;
Baonza and Freeman 2001). The down-regulation of
these repressors close to the MF triggers the subsequent
up-regulation of ato in single R8 cells.
Although many transcription factors are known to be

important for eye development, how these factors col-
laborate with the Hh, Dpp, and N signaling pathways is
less clear. Two Drosophila Pax-6 homologs, ey and twin
of eyeless (toy), play a major role in the transcription
factor network that controls eye development (for re-
view, see Desplan 1997; Treisman 1999). Both ey and toy
have the ability to induce eye morphogenesis when ex-
pressed ectopically during fly development (Halder et al.
1995; Czerny et al. 1999). Three other transcription fac-
tors have also been shown to be required for eye devel-
opment and appear to function downstream of ey and
toy, at least during the early phases of eye development,
sine oculis (so), eyes absent (eya), and dachshund (dac;
Bonini et al. 1993; Cheyette et al. 1994; Mardon et al.
1994). Of these three, only so encodes a protein with an
obvious DNA-binding domain. However, Eya binds to
both Dac and So, suggesting that these three proteins
may function as a complex (Chen et al. 1997; for review,
see Des plan 1997; Pignoni et al. 1997; Treisman 1999). so
appears to be a direct target of Ey, consistent with the idea
that so is genetically downstream of Ey (Niimi et al. 1999).
We show here that the uncommitted cells anterior to

the MF express different combinations of transcription
factors, suggesting that these cells are not equivalent to
each other. The transcription factors expressed by these
cells are Ey, Hth, a TALE-class homeodomain protein
(Rieckhof et al. 1997; Pai et al. 1998), and Tsh, a zinc-
finger transcription factor (Fasano et al. 1991). We show
how the different expression domains for these factors
are generated by signals coming from the MF. Further,
we present experiments suggesting that Ey, Hth, and Tsh
may function together as a complex. Our experiments
suggest that this complex plays at least two roles in eye
development: to promote cell proliferation in eye discs
and to prevent the premature expression of the more
downstream transcription factors, so, eya, and dac.
Thus, in Drosophila eye development, the regulation of
Hth, Ey, and Tsh is critical for the transition from an
uncommitted proliferative state to a mature differenti-
ated state.

Results

hth, ey, and tsh patterns define three domains
in the anterior of the eye disc

Anterior to the MF, at least three cell types can be dis-
tinguished by the patterns of Hth, Ey, and Tsh expres-

sion (Fig. 1). The most anterior domain in the eye field,
which is next to the antennal portion of the eye–anten-
nal imaginal disc, expresses Hth, but not Tsh or Ey (re-
gion I). In a slightly more posterior domain, all three of
these factors are coexpressed (region II). In a more poste-
rior domain, Tsh and Ey, but not Hth, are coexpressed.
This domain, which also expresses hairy (Greenwood
and Struhl 1999; Baonza and Freeman 2001), is equiva-
lent to the pre-proneural (PPN) domain (see below; Fig.
1). The MF, marked by the expression of Dpp, is imme-
diately posterior to the PPN domain, and therefore abuts
Tsh + Ey-expressing cells (Fig. 1G).
Domain II is the only region of the eye–antennal

imaginal disc that strongly expresses all three of these
transcription factors. Posterior to the MF, Hth, but not
Tsh or Ey, is expressed in cells committed to become
pigment cells. Hth and Ey, but not Tsh, are coexpressed
in a narrow row of margin cells that frame the eye field
and separate the main epithelium of the eye disc from
the peripodial membrane (Figs. 1A,B and 7C, below; Bry-
ant 1978). Finally, Hth is also strongly expressed in peri-
podial cells, whereas Ey and Tsh are weakly expressed in
a subset of these cells (Fig. 1F; data not shown).
We also examined the expression patterns of So, Dac,

and Eya in wild-type eye discs. All three of these tran-
scription factors are expressed in the PPN domain but
not in domain II. Their expression domains have the
same anterior limit but different posterior limits (Fig. 1;
data not shown). Furthermore, the anterior limits of
their expression domains are not sharp, but instead de-
crease gradually as Hth levels increase (Fig. 1F; data not
shown). Thus, cells in the PPN domain express So, Dac,
and Eya as well as Tsh, Ey, and Hairy. Anterior to the
PPN domain there is a gradual transition into domain II,
where cells express Hth, Ey, and Tsh, but not So, Eya,
Dac, or Hairy (Fig. 1I).
In late second/early-third-instar eye discs, before or

just as the MF is initiated, most eye disc cells express
tsh, hth, and ey, although the levels of Hth are lower
close to the posterior margin (Fig. 1H). Therefore, at this
stage of development most eye disc cells express the
same combination of transcription factors as domain II
of third-instar discs. In both cases, these cells are uncom-
mitted and dividing asynchronously (Wolff and Ready
1991).

Interaction and cross-regulation among hth, ey,
and tsh

The overlapping expression patterns of ey, hth, and tsh
in domain II raised the possibility that their gene prod-
ucts could be functioning together. As a first test of this
idea, we determined if their protein products can interact
with each other in vitro and in vivo. We found that his-
tidine (his)-tagged Hth, alone or together with its partner
protein Extradenticle (Exd; Rieckhof et al. 1997; Mann
and Affolter 1998), specifically binds to 35S-labeled Ey
and Tsh in vitro (Fig. 2A–C). In vivo, we found that both
Exd and Tsh could be coimmunoprecipitated (IP) from
wild-type embryos with Hth (Fig. 2D; data not shown).
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We have been unable to coimmunoprecipitate Ey and
Hth from wild-type embryos, perhaps because the num-

ber of cells coexpressing these transcription factors is too
few. These results suggest that Hth, Exd, Tsh, and Ey
have the potential to interact with each other in vivo.
However, additional experiments are required to defini-
tively test this idea.
We also tested if these factors can regulate each other’s

expression in the eye disc. We generated clones of cells
that express the yeast transcription factor Gal4 in flies
containing UAS–Ey, UAS–Hth, or UAS–Tsh transgenes.
These clones were generated during the second instar,
when all three of these genes are coexpressed throughout
the eye disc (Fig. 1H), and analyzed during the third in-
star, when the Hth expression pattern is distinct from
the Tsh and Ey expression patterns. Tsh or Ey overex-
pressing clones in the PPN domain up-regulate Hth (Fig.
2E,F). The ability to maintain Hth expression was lim-
ited to the PPN domain; Ey- or Tsh-expressing clones
within or posterior to the MF did not alter Hth expres-
sion. We also found that Hth could maintain Ey and Tsh
expression posterior to its normal expression domain
(Fig. 2G; data not shown). Although this effect was not
limited to the PPN domain, it was only observed in
∼ 50% of the clones generated during the second instar,
suggesting that other factors or the timing of clone in-
duction limit this response. In addition, ectopic Tsh can
also induce Ey expression in a subset of the eye imaginal
disc (Pan and Rubin 1998). Together with the protein
interaction experiments, the ability of these transcrip-
tion factors to maintain or induce each other’s expres-
sion suggests that these proteins may function together
in eye development.
We note that expression of Tsh or Ey maintains Hth

expression in the PPN domain, where Tsh and Ey are
already expressed. We interpret this result as suggesting
that hth is under two competing controls: maintenance
by Tsh and Ey and repression by other factors, in par-
ticular the Dpp pathway (see below), and that expressing
higher levels of Tsh or Ey can shift this balance in favor
of maintenance.

hth, but not tsh or ey, is repressed by Dpp

The patterns of Tsh, Ey, and Hth expression in the an-
terior of the eye disc suggest that hth is repressed by a
signal coming from the MF. A good candidate for this
signal is Dpp because it can act at long range ahead of the
furrow (Chanut and Heberlein 1997; Pignoni and Zipur-
sky 1997; Greenwood and Struhl 1999). We tested this
idea in two ways. First, we eliminated the activity of the
Dpp pathway in clones of cells mutant for its down-
stream transcription factor, mothers against Dpp (mad;
Sekelsky et al. 1995; Wiersdorff et al. 1996). We found
thatmad− clones de-repress hth, consistent with the idea
that Dpp represses hth (Fig. 3A,B). De-repression of hth
was observed in mad− clones that touched the posterior
margin of the eye disc as well as in clones within the
PPN domain. However, mad− clones close to the MF
only partially de-repressed hth, suggesting that other sig-
nals present in the MF and acting at short range can also
repress hth. One such signal may be Hh, which is suffi-

Figure 1. Transcription factor expression domains in the eye
imaginal disc. All images are of wild-type eye–antennal discs.
Anterior is to the left. (A–E) Eye–antennal discs stained for (A)
Hth, (B) Hth + Ey, (C) Hth + Tsh, (D) Hth + Dac, and (E)
Hth + Eya as indicated. In A the antennal (ant) and eye portions
of the disc are indicated. (F) An optical cross-section of a disc
stained for Hth and Dac, showing the reciprocal relationship
between these two factors in the main epithelium of the eye
disc. Eya and Hth have a similar relationship (data not shown).
The upper row of Hth-positive nuclei are in the peripodial mem-
brane. (G) Closeup of the anterior region of a disc stained for
Hth, Ey, Tsh, and dpp–lacZ. The arrowheads point to the ante-
rior edge of the MF, as marked by dpp–lacZ expression. Al-
though Tsh and Ey are not expressed posterior to the furrow,
some background signal is observed in these images. (H) Second-
instar eye–antennal discs stained for Hth, Ey, and Tsh. Ey is
expressed evenly throughout the eye disc. Hth and Tsh are also
expressed in all cells, but at lower levels posteriorly. (I) A sum-
mary of these expression patterns. The expression domains of
Hairy (H) and Dpp are also summarized. The So-Z pattern is
based on a lacZ enhancer trap into so (data not shown). Based on
these patterns, the following domains can be defined: domain I
(Hth, alone); domain II (Hth, Tsh, Ey); PPN (Tsh, Ey, So, Eya,
Dac, H); domain IV (So, Eya, Dac); MF (morphogenetic furrow);
and M (margin cells, Hth, Ey).
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cient for furrow propagation in the absence of Dpp sig-
naling (Burke and Basler 1996; Wiersdorff et al. 1996).
The de-repression of hth in mad− clones suggests that

Dpp, expressed from the MF, acts at long range to repress
hth. In contrast, tsh and ey are expressed in cells adjacent
to the MF (Fig. 1), suggesting that these genes are not as
sensitive to repression by Dpp. To test this directly, we
activated the Dpp pathway in clones of cells by express-
ing an activated form of the Dpp receptor, Thick veins
(Tkv*; Nellen et al. 1996). Expression of Tkv* com-
pletely repressed hth, but failed to repress ey (Fig. 3C,D).
tsh was also not repressed in most Tkv* clones. How-
ever, tsh expression was reduced in some clones, sug-
gesting that high levels of Dpp activity may be able to
repress tsh (Fig. 3C,D; data not shown). The complete
repression of hth, but not ey or tsh, by Tkv* is consistent
with the idea that Dpp represses hth, but not ey or tsh, as
the MF moves anteriorly. Because ey and tsh are also
repressed as the MF moves, there must be another signal
coming from the furrow that acts at short range to re-
press these genes. This signal could be Dl, Hh, or a third,
as-yet unidentified, signal (Greenwood and Struhl 1999;
Baonza and Freeman 2001).
The complementary patterns of Hth versus So, Eya,

and Dac at the transition between domain II and the PPN
domain suggested that these factors may also be playing
a role in hth repression. To test this idea, we examined
clones of cells mutant for eya. eya− clones de-repress hth
(Fig. 4B). Part of this de-repression is probably due to the
fact that dpp expression requires eya (Hazelett et al.
1998). However, the de-repression of hth is observed in
all eya− cells, even in cells that are next to wild-type,
dpp-expressing cells (Fig. 4C). Thus, Dpp expressed in
wild-type neighboring cells is not able to repress hth in

Figure 2. In vitro and in vivo interactions among Ey,
Hth, and Tsh. (A–C) In vitro interaction experiments.
(A) 35S-Ey, (B) 35S-Tsh, or (C) 35S-Luciferase proteins
pulled down with empty beads (lane 2), an Hth/Exd
dimer (lane 3), Hth alone (lane 4), Exd alone (lane 5), or
CG9403, a zinc-finger protein that serves as a negative
control (lane 6). The input for each 35S protein is shown
in lane 1. (D) Total embryo extracts were immunopre-
cipitated with either preimmune sera (pre) or anti-Hth
sera (�Hth), run on an SDS-PAGE gel, and probed with
an anti-Tsh antibody. A total embryonic lysate shows
the position of Teashirt (lysate). (E–G) The MF region of
eye discs containing clones of cells expressing Ey (E),
Tsh (F), or Hth (G). Anterior is to the left, and the red
arrowheads point to the approximate position of the
MF. Clones are marked by the absence of GFP (green)
and were stained for Hth (E,F) or Ey (G). White arrows
point to regions that show ectopic expression and pink
arrows point to regions that do not show ectopic expres-
sion.

Figure 3. hth, but not ey or tsh, is repressed by Dpp in the eye
disc. (A,B)mad− clones, marked by the absence of CD2 (fucsia),
stained for Hth (blue). Arrowheads point to clones. The dashed
line in B marks the approximate position of the MF. (C,D)
Clones expressing Tkv*, marked by the absence of CD2 (fucsia)
and stained for (C) Tsh + Ey or (D) Tsh + Hth.
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adjacent eya− cells. These data suggest that eya is re-
quired for Dpp to repress hth in the PPN domain. hth
was also de-repressed in dac− clones (data not shown),
suggesting that dac also plays a role in hth repression.

Repression of hairy and the PPN domain by Hth

In wild-type eye discs, the anterior edge of the PPN do-
main, as defined by hairy expression, abuts the posterior
edge of Hth expression (Fig. 5A,B). This observation sug-
gests that hairy, which is an activated target of Dpp
ahead of the MF (Brown et al. 1995; Greenwood and
Struhl 1999; Baonza and Freeman 2001), might be re-
pressed by Hth. In support of this idea, ectopic Hth ex-
pression represses hairy (Fig. 5C). In addition, in some,
but not all, anterior hth− clones hairy was de-repressed
(data not shown). These data suggest that the anterior
limit of the PPN domain, defined by hairy expression, is
controlled by hth.

Repression of eya and dac by Hth, Ey, and Tsh

In contrast to the clear repression of hairy by Hth, in
most cases ectopic expression of Hth was unable to re-
press dac or eya (Fig. 6A). Similarly, ectopic expression
of Tsh was also generally unable to repress these genes

(Fig. 6B). The few cases in which we observed repression
of eya by Tsh or Hth were in the PPN domain, which,
significantly, is where these transcription factors are
able to maintain each other’s expression (Fig. 2; data not
shown). In contrast, repression of eya or dac was not
observed in clones expressing Tsh or Hth posterior to
the MF.
Because Hth is coexpressed and can interact in vitro

with Tsh and Ey, we considered the possibility that com-
binations of these transcription factors might be required
to repress eya and dac. Consistent with this idea, we
found that the simultaneous expression of Tsh and Hth
efficiently repressed eya and dac expression (Fig. 6C;
data not shown). Importantly, the dual expression of Tsh
and Hth maintained Ey expression (Fig. 7F); conse-
quently, these clones expressed all three of these tran-
scription factors. We also tested other pairs of these tran-
scription factors (Hth + Ey and Tsh + Ey) and found that
they could also partially repress eya (data not shown).
The above results suggest that the combination of

Hth + Ey + Tsh, which is normally present in domain II,
is able to repress the expression of eya. To test if hth
normally plays a role in the repression of these genes, we
examined hth− clones. Although hth− clones anterior to
the MF are rare (see below), we found that both dac and
eya were de-repressed in anterior hth− clones (Fig. 6D;
data not shown).
In summary, these data suggest that the combination

of the factors expressed in domain II is necessary and
sufficient to repress eya and dac. In contrast, Hth is suf-
ficient to repress the pre-proneural gene hairy. Con-
versely, eya and dac, together with Dpp, repress hth as
the MF advances. We suggest that one function for this
reciprocal antagonism may be to prevent premature and

Figure 4. eya represses hth and head capsule development. (A)
Adult flies containing eya− clones. Although eya− tissue is un-
marked, these heads show a loss of eye and a corresponding
increase in head capsule (arrows). (B,C) eya− clones, marked by
the absence of arm–lacZ (red), stained for Hth (blue in left panels
and white in right panels). Hth is de-repressed cell-autono-
mously in eya− cells. In C, the disc also expresses dpp–lacZ
(strong red stripe). Hth is de-repressed in eya− cells, even when
they are adjacent to Dpp-expressing cells (yellow arrows in C).

Figure 5. Hth represses hairy. (A) Wild-type eye disc stained
for Hth (blue) and Hairy–lacZ (red). Note that Hairy–lacZ is
observed more posteriorly than Hairy because of persistence of
�-galatosidase (data not shown). (B) An optical cross-section of a
wild-type disc (at the position of the white line in A), showing
no overlap between Hth and Hairy. (C) Ectopic clones of Hth
(arrowheads), stained for Hth (blue) and Hairy–lacZ. Hth re-
presses Hairy–lacZ expression.
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uncoordinated differentiation anterior to the MF. How-
ever, as the MF advances, hthmust be repressed to allow
differentiation to occur.

Control of eye disc growth by hth, ey, and tsh

Another function for hth, ey, and tsh may be in promot-
ing cell proliferation. Most of the growth of the eye
imaginal disc occurs via asynchronous cell divisions
throughout young discs, before the MF initiates, as well
as in cells anterior to the MF in older discs. hth, tsh, and
ey are coexpressed with each other in both cases. Imme-
diately anterior to the MF, cell divisions become syn-
chronous, and in the MF, cells are arrested in the G1
phase of the cell cycle (Wolff and Ready 1991; Baker and
Yu 2001). Posterior to the MF, some cells exit the cell
cycle and differentiate into photoreceptors, whereas all
other cells undergo one more mitosis before differentiat-
ing into accessory cells or being eliminated by apoptosis
(Wolff and Ready 1991; Baker and Yu 2001). dpp, which
represses hth as the furrow advances, is required for this
cell cycle coordination (Horsfield et al. 1998). From these
observations and the data described below, we suggest
that the anterior factors may play an important role in
promoting cell proliferation in the eye disc.
As a first test of this idea, we examined the frequency

of hth− clones compared with the frequency of neutral
clones in the eye disc. We generated hth− clones using
ey-flp, which provides a source of the yeast recombinase
Flp throughout most of eye disc development (see Mate-
rials and Methods). In this experiment, clones have the
potential to be generated at all times during develop-
ment. Neutral clones were observed at all positions in
the eye disc, and varied in size, consistent with the idea
that they could be formed throughout development (Fig.
7A). In contrast, although hth− clones were readily ob-
served posterior to the MF, they were only rarely ob-
served anterior to the MF (Fig. 7B). The reciprocal mi-
totic recombination products (twin spots) were observed
in the anterior, suggesting that hth− cells were generated

but were unable to grow in that region of the eye disc.
We suggest two explanations for this observation. First,
hth− cells, which begin to express eya and dac (see
above), might grow poorly and be outcompeted by neigh-
boring wild-type cells. Second, some hth− cells might
migrate posteriorly, into the domain in which hth is nor-
mally turned off. Regardless of the explanation, these
observations suggest that hth− cells do not proliferate
well in this region of the eye disc. In contrast, because
hth− clones are observed posteriorly, there may be a time
when hth function is no longer required for cells to pro-
liferate, but before cells exit from the cell cycle. This
window could exist within the PPN domain.
We also observed dramatic differences in the growth of

clones ectopically expressing Tsh, Ey, Hth, or combina-
tions of these factors. Clones that misexpress Tsh in dif-
ferentiated cells (posterior to the MF) are very small, sug-
gesting that they do not alter the growth properties of
these cells. Ectopic Tsh-expressing clones also survive
poorly anterior to its normal expression domain (Fig. 7E).
In contrast, clones expressing only Hth, only Ey, or
Hth + Tsh grow larger than the clones expressing Tsh
alone (Fig. 7F; data not shown). Thus, forcing the expres-
sion of these transcription factors prevents these cells
from exiting the cell cycle as they usually would in re-
sponse to signals in the MF.
Most dramatic, however, is the growth of clones that

arise at the posterior or lateral margins of the eye disc. In
wild-type eye discs, these margin cells express hth and
ey, but not tsh (Fig. 7C; data not shown). When Tsh or
Hth + Tsh are misexpressed in margin cells, the clones
can grow to be very large (Fig. 7E,F). Similar overgrowths
are produced in clones expressing these factors in peri-
podial membrane cells (data not shown). We also observe
similar overgrowths at a lower frequency when the
clones misexpress Hth in margin cells. However, when-
ever we observe an overgrowing clone at the edge of the
disc, the cells invariably express Hth, Tsh, and Ey (Fig. 7;
data not shown). Curiously, these overgrowths also ex-
press eya, suggesting that Hth, Tsh, and Ey induce pro-

Figure 6. Ey + Hth + Tsh represses eya. (A) Clone
of ectopic GFP–Hth in an eye disc (arrowhead)
stained for Hth (blue) and Eya (red). No repression of
Eya is observed. (B) Clones of ectopic Tsh, marked
by the absence of GFP, in an eye disc stained for Eya
(red). No repression is observed (arrowheads). The *
marks an overgrowing clone in the peripodial mem-
brane in a different focal plane that causes a distor-
tion of the eye disc epithelium. (C) Clones of ectopic
Tsh + GFP–Hth stained for GFP (white) and Eya
(red). Repression of Eya is observed (arrowheads). (D)
hth− clones, marked by the absence of GFP, stained
for Eya. De-repression of Eya is observed (arrow-
heads). De-repression of dac is also observed in hth−

clones (data not shown).
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liferation, but are unable to repress eya in these over-
growing margin cells. Similar overgrowths have also

been observed when the wingless (wg) pathway is acti-
vated (e.g., in axin− clones; Lee and Treisman 2001; data
not shown), suggesting that wingless is also playing a
role in the aberrant growth properties of these cells. Con-
sistent with this idea, margin cells also express wg (Fig.
7D; Baker 1988; Ma and Moses 1995).

Ectopic eyes are induced in hth- and tsh-expressing
regions of the wing disc

The above results suggest that an Ey–Hth–Tsh complex
functions in the eye disc to permit cell proliferation and
repress the expression of the later-acting transcription
factors H, Eya, So, and Dac. How important is this ante-
rior combination of transcription factors for eye devel-
opment? As hth is expressed together with ey in very
early imaginal discs, it is not possible to remove hth
early enough to address this question in the eye disc,
itself. Moreover, removing hth during the second instar
induces ectopic eye development in the ventral head,
through a loss of wingless expression at the ventral mar-
gin of the eye disc (Pai et al. 1998; Pichaud and Casares
2000). Thus, in addition to the functions defined here,
hth also limits eye development ventrally. This func-
tion, together with the early expression of hth in young
eye discs, complicates the ability to determine if there is
an absolute requirement for hth ahead of the MF.
Instead of removing hth function from the eye disc, we

used the potent ectopic eye-inducing function of Ey to
assess how critical hth is for eye development. If hth is
required for Ey to induce ectopic eyes, we would expect
to observe a strong bias for where, in the body, ectopic
eyes are generated. Consistent with this prediction,
when Ey is expressed via several different Gal4 driver
lines in the wing imaginal disc (see Materials and Meth-
ods), ectopic eye tissue is induced predominantly in the
wing hinge, where hth is most highly expressed (Fig. 8;
data not shown). tsh is also expressed in the wing hinge,
and its expression pattern overlaps that of hth (Azpiazu
and Morata 2000; Casares and Mann 2000). As in normal
eye development, hth expression is repressed in the ec-
topic eye tissue. The correlation between where ectopic
eyes are formed and where hth and tsh are expressed
supports the idea that hth and tsh cooperate with ey to
promote eye development.

Discussion

Previous work on Drosophila eye development has fo-
cused on the complex signaling events that occur just
anterior, within, and posterior to the MF. The canonical
view posits that as the MF moves anteriorly, undifferen-
tiated cells ahead of the furrow are recruited to become
either photoreceptors or accessory cells. The experi-
ments presented here shed new light on the nature and
function of the cells anterior to the MF. We define two
domains anterior to the hairy-expressing PPN domain
(Greenwood and Struhl 1999; Baonza and Freeman 2001).
One of these domains (II) expresses three transcription

Figure 7. Genetic control of proliferation of the eye disc. (A,B)
Neutral (A) or hth− (B) clones, marked by the absence of GFP,
and stained for the MF marker, Ato (fuchsia). Neutral clones are
observed both anterior (arrows) and posterior to the MF. hth−

clones are only rarely observed anterior (a) to the MF but are
readily observed posterior (p) to the furrow. (C) Detail of the
posterior margin of a wild-type eye disc stained for Hth (blue)
and Ey (red). Hth and Ey are both expressed in these cells (ar-
rows). Tsh is not expressed in these cells (data not shown). (D)
Similar region of a wild-type disc stained for Wg (green), which
is expressed in margin cells. (E,F) Clones of cells expressing (E)
Tsh or (F) Tsh + Hth, marked by the absence of GFP, stained for
Ey (red). (E) Tsh clones grow poorly in the middle of the disc (*)
but can induce large overgrowths at the edge of the disc (arrows).
Overgrowing clones, but not internal clones, express Ey. (F)
Tsh + Hth clones grow well in the middle of the disc (blue ar-
row) and also induce overgrowths at the edge of the disc (white
arrow). Most clones maintain Ey expression, although some an-
terior clones show repression of Ey (arrowhead).
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factors: Ey, which was already known to play a central
role in eye development (Halder et al. 1995); Hth, which
also plays a role in suppressing eye development in the
ventral head (Gonzalez-Crespo and Morata 1995; Pai et
al. 1998; Pichaud and Casares 2000); and Tsh, which,
because of its ability to induce ectopic eyes elsewhere in
the head (Pan and Rubin 1998), was also implicated in
eye development. Our results suggest that, although
these cells have not committed to become a particular
cell type, they are predisposed to become eye tissue. Fur-
thermore, we suggest that the combination of Hth, Ey,
and Tsh performs at least two functions during eye de-
velopment: it represses the expression of later-acting
transcription factors in the eye development cascade,
and it promotes cell proliferation. Below, we discuss
each of these points and integrate our findings with the
current view of eye development (Fig. 9).

hth defines the anterior limit of the PPN domain

The definition of the PPN domain stems from the obser-
vation that the induction of neural cell fates in the eye
disc requires at least two signals downstream of Hh. The
first signal is Dpp, which creates a zone of cells ahead of
the MF, termed the PPN domain, which is competent to
receive a second, proneural-inducing signal (Greenwood
and Struhl 1999; Baonza and Freeman 2001). Cells in the
PPN domain express high levels of hairy. Only cells that
receive the Dpp signal are able to respond to the second,
shorter-acting signal. This second signal is Dl, which is
expressed by cells in and behind the furrow and is re-
quired for the down-regulation of hairy (Baonza and Free-
man 2001). In addition to Dl, neural induction, in par-
ticular the initiation of ato expression, may also require
another signal that is transduced by the ser/thr kinase raf
(Greenwood and Struhl 1999).
We have linked hth to the PPN domain in three ways.

First, in wild-type eye discs, hth expression abuts hairy
expression. Second, Hth represses hairy. These data sug-
gest that hth defines the anterior limit of hairy expres-
sion. Third, Dpp is a repressor of hth. Together, these
results suggest that the anterior limit of the PPN domain

is defined by hth expression, and that, as the MF moves
anteriorly, hth is repressed by Dpp, allowing the PPN
domain and hairy expression to shift anteriorly. In our
experiments, only some anterior hth− clones de-re-
pressed hairy. We interpret this result as suggesting that
hairy expression is both activated by Dpp and repressed
by hth. Consequently, hth− cells that do not receive
enough Dpp would still be unable to express hairy.
In the absence of Dpp signaling, the MF is still able to

progress across the eye disc because other signals, such
as Hh, are sufficient for furrow progression (Burke and

Figure 9. Summary. The factors and their interactions present
in domains II, IV, PPN, and theMF are schematized. Domain IV
expresses the differentiation transcription factors So, Eya, and
Dac. Differentiated cells also express Hh, which induces Dpp
expression in theMF. Dpp represses Hth and induces Hairy. Hth
represses Hairy. The combination of Hth–Tsh–Ey is mutually
antagonistic with So–Eya–Dac. Ey also directly activates So ex-
pression (Niimi et al. 1999), perhaps in the PPN domain. Also
indicated is a positive requirement for Wg signaling for Hth
expression in domain II (data not shown). Wg, together with the
factors present in domain II, is proposed to promote prolifera-
tion in the eye disc. Not indicated here is our observation that
Eya and Dac collaborate with Dpp to repress Hth and our infer-
ence that an unknown short-range signal in the MF represses
Tsh and Ey.

Figure 8. Induction of ectopic eyes in the hinge region
of wing discs. (A,B) Wing imaginal disc in which Ey was
expressed using (A) dppblk–Gal4, stained for Hth (blue),
Elav (green), and Distalless (Dll; red); (B) only the Hth
and Dll channels are shown. dppblk–Gal4 is expressed in
a dorsal-to-ventral stripe across the entire wing disc just
anterior to the AP compartment boundary. Wing discs
have four main regions: (1) notum, (2) dorsal hinge, (3)
wing pouch, and (4) ventral hinge. Hth is expressed in
regions 1, 2, and 4, but not in 3. Tsh is expressed in
regions 1, 2, and 4 also. Ectopic eye tissue, as detected by
Elav, is observed in regions 1, 2, and 4 (arrows), but not
in 3 (arrowhead). Dll and Hth are repressed by Ey expression in regions 1, 2, 3, and 4. dppblk–Gal4; UAS–ey also generates ectopic eyes
in the proximal leg disc (data not shown). A similar correlation between ectopic Elav and Hth + Tsh expression was observed with
several other Gal4 lines driving Ey (data not shown). (C) Adult fly expressing Ey via the dppblk–Gal4 driver line, showing a transfor-
mation of the hinge to eye (arrow). Wing blade development is partially suppressed in these flies, although wing tissue is still formed
(arrowhead).
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Basler 1996; Wiersdorff et al. 1996; Chanut and Heber-
lein 1997; Greenwood and Struhl 1999). This is consis-
tent with our inference that other short-range signals
present in the MF can also repress hth. However, the
furrow moves more slowly when it confronts cells that
cannot respond to Dpp. The slower progression of the
furrow could, in part, be because these cells express Hth.
Interestingly, Dpp is not expressed in the MF during reti-
nal morphogenesis in the beetle Tribolium or the grass-
hopper Schistocerca (Friedrich and Benzer 2000). The use
of dpp in eye development may have been necessary in
faster-growing insects like Drosophila to increase the
speed of eye morphogenesis. Cells at the lateral and pos-
terior edges of the Drosophila eye disc and in the far
anterior of the disc continue to express hth and contrib-
ute to non-eye portions of the adult head (Bryant 1978;
Casares and Mann 1998; Pichaud and Casares 2000).
Moreover, eya− eye disc cells continue to express hth and
contribute to non-eye regions of the head (Fig. 4). Taken
together, these observations suggest that changing the
potency of Dpp’s ability to repress hth could be used as a
way to both modulate the pace of eye development and
to control the ratio of eye-to-head tissue.

Mutual antagonism between anterior and posterior
transcription factors

Our experiments suggest that one of the functions me-
diated by Ey–Hth–Tsh is to repress eya and dac (Fig. 9).
This proposal stems from both ectopic expression experi-
ments, showing that the coexpression of Ey, Hth, and
Tsh represses these genes, and from loss-of-function ex-
periments, showing that hth− clones anterior to the MF
de-repress these genes. Similarly, hth is de-repressed in
both eya− and dac− clones, suggesting that this antago-
nism exists in both directions. Interestingly, the antago-
nism between these two sets of genes is analogous to
that observed in other appendages. In the leg, hth and tsh
are required for the development of proximal fates, and
have been shown to be mutually antagonistic with dac
andDistal-less (Dll), two genes required for intermediate
and distal leg fates, respectively (Mardon et al. 1994;
Gonzalez-Crespo andMorata 1995; Abu-Shaar andMann
1998; Gonzalez-Crespo et al. 1998; Wu and Cohen 1999).
Similarly, in the wing, hth and tsh are required for proxi-
mal wing fates, and oppose the activity of vestigial (vg),
which is required for more distal wing fates (Azpiazu and
Morata 2000; Casares and Mann 2000; Wu and Cohen
2002).

Control of eye disc growth by Ey–Hth–Tsh

We propose that the putative Ey–Hth–Tsh complex pro-
motes cell proliferation in early eye discs and in cells
anterior to the PPN domain in third-instar discs. This
suggestion is based on three observations. First, in young
discs, whenmost of the growth of the eye disc occurs and
before the MF initiates, all eye disc cells express all three
of these transcription factors. Second, hth− clones are
only rarely observed anterior to the MF. The lack of hth−

clones observed in this region of the eye disc suggests
that hth is playing an important role in either the sur-
vival or proliferation of these cells.
A third reason for linking this combination of tran-

scription factors with the growth of the eye disc stems
from our observation that, when coexpressed, these fac-
tors can induce cell proliferation. This was most readily
observed in clones that include cells at the edge of the
eye disc. These cells may be unique in the eye disc be-
cause they express wg (Fig. 7D; Baker 1988; Ma and Mo-
ses 1995; Treisman and Rubin 1995). Interestingly, acti-
vation of the wg pathway by generating axin− clones in
the eye disc also induces proliferation and the mainte-
nance of ey, hth, and tsh expression (Lee and Treisman
2001; data not shown). Thus, proliferating eye disc cells
express hth, ey, and tsh and are in a state in which thewg
pathway is activated (Fig. 9). We speculate that this state,
which can be induced by the expression of Tsh, Ey, and
Hth at the edge of the eye disc, mimics the normal state
of eye disc cells during the second instar, when the disc
is growing most rapidly. Consistent with this idea, an-
terior hth expression in the eye disc is autonomously
lost in dishevelled− (dsh−) clones, showing that these
cells require wg signaling to maintain their anterior
identity (Fig. 9; data not shown).
Our experiments have not addressed the mechanism

by which Ey–Hth–Tsh promotes cell proliferation. One
possibility is that these factors do so directly, for ex-
ample, by regulating the expression of genes that control
the cell cycle or cell growth. Alternatively, these factors
may promote proliferation indirectly, for example, by re-
pressing genes, such as eya, that are required for differ-
entiation and exit from the cell cycle. In either case, the
model predicts that there should be a similar require-
ment for ey and tsh in eye disc proliferation as we have
described for hth. Although it is not presently possible to
generate ey− clones, ey has been suggested to be required
for cell survival in the early eye disc, a result that is
consistent with our conclusions (Kronhamn et al. 2002).
Pan and Rubin (1998) have reported that tsh− clones sur-
vive and differentiate normally in the adult eye and,
based on this observation, suggested that tsh does not
play an essential role in eye development. However, be-
cause of technical limitations in inducing large numbers
of tsh− clones, their frequencies in different regions of
the eye disc have not been examined. The survival of
tsh− clones in the adult eye may be analogous to the
survival of hth− clones that we observe posterior to the
MF. Therefore, it is possible that tsh and ey are also
important for the survival and/or growth of cells anterior
to the MF. A definitive test of this idea must await more
efficient methods to generate tsh− and ey− clones.
The proliferation-inducing ability of Ey, Tsh, and Hth

is interesting in light of the fact that the mammalian
homologs of hth, the meis genes, are proto-oncogenes
(Moskow et al. 1995; Allen et al. 2000). As discussed
above, the proliferation we observe in Drosophila may
require wg signaling and the coexpression of tsh, which
has been implicated in modulating wg signaling during
Drosophila development (Erkner et al. 1999; Gallet et al.
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1999; Waltzer et al. 2001). Given these findings, it will be
of interest to determine if the oncogenic potential of the
meis genes also depends on the activities of wg and/or
tsh homologs.

Combinatorial control of development
by transcription factors

Transcription factors often act in unique combinations
to elicit distinct biological outputs. The combination ex-
amined here is Ey–Hth–Tsh. Because Hth and Tsh are
also required for leg and wing development, Ey must
make this combination specific for eye development. As
discussed above, we suggest that this combination of fac-
tors is used transiently during eye development to pro-
mote the proliferation of eye disc cells and to prevent the
premature expression of later-acting transcription fac-
tors that are required for eye development. Consistent
with this second role, ectopic expression of Hth blocks
eye development (Pai et al. 1998). Similarly, forcing the
expression of Ey can also interfere with eye development
(Curtiss and Mlodzik 2000; data not shown). The ability
of these factors to repress eye development may in part
be due to the ability of the Ey–Hth–Tsh combination to
repress eya and dac.
In addition to the functions suggested here, Ey is also

important for promoting eye morphogenesis and has
been called the master regulator of eye development
(Gehring 1996). In fact, Ey is likely to be a direct activa-
tor of so (Niimi et al. 1999; Punzo et al. 2002). We specu-
late that the eye-activating functions of Ey may be car-
ried out in cells that express a different combination of
transcription factors from those present in domain II.
Cells in the PPN domain, for example, express Ey and
Tsh, but not Hth. These cells also express so (Fig. 1). It is
therefore possible that Ey activates so in the PPN do-
main (Fig. 9). In contrast, Ey–Hth–Tsh appears to repress
eya, dac, and, by inference, so. As all three of these fac-
tors are DNA-binding proteins, one possibility is that
they are part of a specific DNA-binding complex that
directly regulates these, as well as other, target genes in
domain II. A different set of target genes may be regu-
lated by Ey (+/−Tsh) in the absence of Hth. A second
possibility is that the regulation we observe here is in-
direct. Finally, our results are also consistent with a
model in which Hth binds to Ey and blocks its ability to
bind DNA. Such a mechanism has been proposed to ac-
count for repression of eye development by the Hox pro-
tein Antennapedia (Antp; Plaza et al. 2001). Toy, a sec-
ond Pax6 family member in flies (Czerny et al. 1999),
may also be part of the combinatorial control of eye de-
velopment described here. An assessment of Toy’s role is
not possible at present, but will be important to charac-
terize in the future.
The progression of the MF across the eye is an elegant

mechanism for gradually changing the combination of
transcription factors as development proceeds (Fig. 9). As
with Hth, Ey, and Tsh; So, Eya, and Dac also have the
ability to positively activate each other’s expression
(Bonini et al. 1997; Chen et al. 1997; Pignoni et al. 1997;

Shen and Mardon 1997). Thus, both ahead of and behind
the MF, eye disc cells are in different, but relatively
stable states, in part because the factors expressed within
these regions—Hth, Tsh, and Ey in domain II and Eya,
So, and Dac posterior to the MF—can reinforce each oth-
er’s expression. These two states are important for pro-
moting proliferation and differentiation, respectively.
Signals coming from the MF convert one state into an-
other, and a key to flipping this switch is the repression
of hth (Fig. 9). Remarkably, in the vertebrate retina Sonic
hedgehog, a homolog of Drosophila Hh, is expressed in a
wave-like fashion as retina cells differentiate (Neumann
and Nuesslein-Volhard 2000). Furthermore, Pax6, the
vertebrate ey homolog, is required to keep retinal cells
multipotent (Marquardt et al. 2001), which is reminis-
cent of the uncommitted state of anterior cells in the fly
eye disc. Given these intriguing parallels, it will be very
interesting to determine if homologs of hth and tsh play
analogous roles in the vertebrate retina before the initia-
tion of differentiation.

Materials and methods

Genotypes and genetic manipulations

Ectopic expression clones were generated randomly in eye discs
by heat-shocking larvae, at 36°C for 30 min between 48 and 72
h after egg laying (second instar), from the following crosses: yw,
hs–Flp; tub > GFP, y+ > G4 (Zecca and Struhl 2002) or y, hs–Flp,
actin > hsCD2 > Gal4 (Struhl and Basler 1993) females toUAS–
GFP–hth, UAS–Tsh [from S. Kerridge (Centre Universitaire
Marseille, Marseille, France)], or UAS–Ey (Halder et al. 1995)
males. In some experiments, a hairy–lacZ reporter gene (h08247)
was introduced in the genotype. To generate clones misexpress-
ing more than one product, females from the stocks yw, hs–Flp;
UAS–tsh; tub > GFP, y+ > G4 or yw, hs–flp; UAS–hth 4.0;
tub > GFP, y+ > G4 were crossed to males harboring the other
UAS transgene. Mutant clones were detected by the absence of
GFP or by detection of the misexpressed protein.
For the generation of activated Tkv-expressing clones (Tkv*),

larvae of the genotype y hs–Flp, act > hsCD2 > G4; UAS–TkvQD

(Nellen et al. 1996) were heat-shocked as above. Clones were
detected by the absence of CD2. To induce CD2 expression,
larvae were heat-shocked at 37°C for 45 min, followed by a
recovery period at RT for 45 min prior to dissection.
The hthP2 allele was used in loss-of-function experiments

(Casares and Mann 2001; Kurant et al. 2001). hthP2 clones were
generated in ey–FLP1; FRT82B hthP2/FRT82B Ubi–GFP larvae.
Because ey–FLP1 provides flipase in the eye–antennal disc, FRT
clones are generated randomly in the eye disc throughout larval
life (Newsome et al. 2000). eya− clones were induced in larvae of
the genotypes ey–FLP1; eya1 or eyaE8 FRT40A/armZ FRT40A
(Bonini et al. 1993; Hazelett et al. 1998) and marked by the
absence of �-galactosidase (�-gal). In some experiments, a dpp–
lacZ reporter (Blackman et al. 1991) was included in the geno-
type. dac clones were induced in larvae of the genotype ey–
FLP1; dac3 FRT40A/armZ FRT40A (Mardon et al. 1994). mad
clones were induced using the madB1 allele and FRT40A (Fly-
Base).
Wing disc misexpression of Ey was achieved with the Gal4/

UAS system (Brand and Perrimon 1993), using the MS1096,
vgBE–Gal4, or dppblk–Gal4 driver lines or the tub > GFP,
y+ > Gal4 flip-out driver line (Capdevila et al. 1994; Staehling-
Hampton et al. 1994; Simmonds et al. 1998).
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Immunostainings

The antibodies used were: rabbit anti-�-gal (Cappell), mouse
anti-rat CD2 (Serotec); guinea pig anti-Hth (Casares and Mann
1998), rat anti-Tsh (Wu and Cohen 2000), rabbit anti-Ey [gift
from Patrick Callaerts (University of Houston, Houston, TX)],
mouse anti-Dac (Mardon et al. 1994), mouse anti-Eya (Bonini et
al. 1993), and rat anti-Elav 7E8A10 (O’Neill et al. 1994). For the
quadruple staining shown in Figure 1G, dpp–lacZ larvae were
stained for �-gal, Hth, Tsh, and Ey. �-gal and Hth were detected
with the same secondary antibody. After image acquisition,
their expression domains were represented in different colors.
Secondary antibodies (FITC, Texas Red, and Cy5 conjugated)
were from Jackson Laboratories. Imaginal discs were analyzed
with Bio-Rad MRC600 or MRC1024 confocal systems.

Protein interaction experiments

His-tagged Exd and Hth constructs and the His-tagged Exd/un-
tagged Hth constructs for making heterodimers were previously
described (Ryoo et al. 1999). CG9403, a zinc-finger encoding
gene, was cloned into the pET14b vector and used as a negative
control. All constructs were transformed into BL21 bacteria and
induced for 2 h with IPTG; bacterial extracts were prepared by
disruption in lysis buffer (50 mM Tris at pH 7.5, 100 mMNaCl,
10 mM imidizole, 0.08% sodium deoxycholate, and 0.1 mM
PMSF). Full-length Tsh [a gift from S. Kerridge (Centre Univer-
sitaire Marseille, Marseille, France)] and Ey [a gift from W.
Gehring (Biozentrum-Universitat Basel, Basel, Switzerland)]
pBluescript cDNA clones were used to generate 35S-labeled pro-
teins using rabbit reticulocyte lysates (TNT, Promega). Then 10
µL of labeled protein was incubated with 100 µL of the bacterial
lysate at 4°C for 2 h; 20 µL of prewashed Ni2+ beads were added
for 1 h; complexes were centrifuged and washed four times with
RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 20 mM
MgCl2, 0.5% NP-40, 0.5 mM PMSF, and 10 mM imidizole for
Tsh or 30 mM imidizole for Ey). Samples were resuspended in
SDS loading buffer, separated using SDS-PAGE, and exposed to
film.
Immunoprecipitations (IPs) were performed using 200 mg of

dechorionated 0–12-h OregonR embryos homogenized in RIPA
buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 20 mM MgCl2,
0.5% NP-40, 0.5 mM PMSF). An anti-Hth guinea pig polyclonal
antibody (1:500) or preimmune serum (1:500) was added to the
embryo lysates and incubated at 4°C overnight. Protein A/G-
conjugated beads were added for 2 h, centrifuged, and washed
three times with RIPA buffer. SDS-PAGE and Western blot
analyses were performed using a guinea pig polyclonal anti-Tsh
antibody and an ECL detection kit (Amersham-Pharmacia).

Acknowledgments

We thank P. Callaerts, S.K. Chan, S. Cohen, W. Gehring, G.
Mardon, M. Mlodzik, G. Struhl, J. Treisman, U. Walldorf, M.
Zecca, L. Zipursky, and the Bloomington Stock Center for re-
agents. We thank Katy Stevens for the images of second-instar
imaginal discs. We also thank M. Dominguez, T. Jessell, L.
Johnston, and A. Tomlinson for advice and for comments on the
manuscript. This work was supported by a grant from the N.I.H.
to R.S.M., who is a Scholar of the Leukemia and Lymphoma
Society. F.C. is an EMBO Young Investigator and Leukemia and
Lymphoma Society Special Fellow and is also funded by
Fundação para a Ciência e a Tecnologia de Portugal. J.B. was
funded through an EMBO Young Investigator Award to F.C.,
and B.G. was supported by an individual NRSF award and an
institutional NIH training grant.

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section
1734 solely to indicate this fact.

References

Abu-Shaar, M. and Mann, R.S. 1998. Generation of multiple
antagonistic domains along the proximodistal axis during
Drosophila leg development. Development 125: 3821–3830.

Allen, T.D., Zhu, Y.X., Hawley, T.S., and Hawley, R.G. 2000.
TALE homeoproteins as HOX11-interacting partners in T-
cell leukemia. Leuk. Lymphoma 39: 241–256.

Azpiazu, N. and Morata, G. 2000. Function and regulation of
homothorax in the wing imaginal disc of Drosophila. Devel-
opment 127: 2685–2693.

Baker, N.E. 1988. Transcription of the segment-polarity gene
wingless in the imaginal discs of Drosophila, and the phe-
notype of a pupal-lethal wg mutation. Development 102:
489–497.

———. 2001. Cell proliferation, survival, and death in the Dro-
sophila eye. Semin. Cell Dev. Biol. 12: 499–507.

Baker, N.E. and Yu, S.Y. 2001. The EGF receptor defines do-
mains of cell cycle progression and survival to regulate cell
number in the developing Drosophila eye. Cell 104: 699–
708.

Baker, N.E., Yu, S., and Han, D. 1996. Evolution of proneural
atonal expression during distinct regulatory phases in the
developing Drosophila eye. Curr. Biol. 6: 1290–1301.

Baonza, A. and Freeman, M. 2001. Notch signalling and the
initiation of neural development in the Drosophila eye. De-
velopment 128: 3889–3898.

Blackman, R.K., Sanicola, M., Raftery, L.A., Gillevet, T., and
Gelbart, W.M. 1991. An extensive 3� cis-regulatory region
directs the imaginal disk expression of decapentaplegic, a
member of the TGF-� family in Drosophila. Development
111: 657–666.

Bonini, N.M., Leiserson, W.M., and Benzer, S. 1993. The eyes
absent gene: Genetic control of cell survival and differentia-
tion in the developing Drosophila eye. Cell 72: 379–395.

Bonini, N.M., Bui, Q.T., Gray-Board, G.L., and Warrick, J.M.
1997. The Drosophila eyes absent gene directs ectopic eye
formation in a pathway conserved between flies and verte-
brates. Development 124: 4819–4826.

Brand, A. and Perrimon, N. 1993. Targeted gene expression as a
means of altering cell fates and generating dominant pheno-
types. Development 118: 401–415.

Brown, N.L., Sattler, C.A., Paddock, S.W., and Carroll. S.B.
1995. Hairy and emc negatively regulate morphogenetic fur-
row progression in the Drosophila eye. Cell 80: 879–887.

Bryant, P.J. 1978. Pattern formation in imaginal discs. In The
genetics and biology of Drosophila (eds. M. Ashburner and
T.R.F. Wright). pp. 229–335. Academic Press, London.

Burke, R. and Basler. K. 1996. Hedgehog-dependent patterning
in the Drosophila eye can occur in the absence of Dpp sig-
naling. Dev. Biol. 179: 360–368.

Capdevila, J., Estrada, M.P., Sanchez-Herrero, E., and Guerrero,
I. 1994. The Drosophila segment polarity gene patched in-
teracts with decapentaplegic in wing development. EMBO J.
13: 71–82.

Casares, F. and Mann, R.S. 1998. Control of antennal versus leg
development in Drosophila. Nature 392: 723–726.

———. 2000. A dual role for homothorax in inhibiting wing
blade development and specifying proximal wing identities
in Drosophila. Development 127: 1499–1508.

Combinatorial control of eye development

GENES & DEVELOPMENT 2425

 



———. 2001. The ground state of the ventral appendage of Dro-
sophila. Science 293: 1477–1480.

Chanut, F. and Heberlein, U. 1997. Role of decapentaplegic in
initiation and progression of the morphogenetic furrow in
the developing Drosophila retina. Development 124: 559–
567.

Chen, R., Amoui, M., Zhang, Z., and Mardon, G. 1997. Dachs-
hund and eyes absent proteins form a complex and function
synergistically to induce ectopic eye development in Dro-
sophila. Cell 91: 893–903.

Cheyette, B.N., Green, P.J., Martin, K., Garren, H., Hartenstein,
V., and Zipursky, S.L. 1994. TheDrosophila sine oculis locus
encodes a homeodomain-containing protein required for the
development of the entire visual system. Neuron 12: 977–
996.

Curtiss, J. and Mlodzik, M. 2000. Morphogenetic furrow initia-
tion and progression during eye development in Drosophila:
The roles of decapentaplegic, hedgehog and eyes absent. De-
velopment 127: 1325–1336.

Czerny, T., Halder, G., Kloter, U., Souabni, A., Gehring, W.J.,
and Busslinger, M. 1999. twin of eyeless, a second Pax-6 gene
of Drosophila, acts upstream of eyeless in the control of eye
development. Mol. Cell 3: 297–307.

Desplan, C. 1997. Eye development: Governed by a dictator or a
junta? Cell 91: 861–864.

Dominguez, M. 1999. Dual role for Hedgehog in the regulation
of the proneural gene atonal during ommatidia development.
Development 126: 2345–2353.

Erkner, A., Gallet, A., Angelats, C., Fasano, L., and Kerridge, S.
1999. The role of Teashirt in proximal leg development in
Drosophila: Ectopic Teashirt expression reveals different
cell behaviours in ventral and dorsal domains. Dev. Biol.
215: 221–232.

Fasano, L., Roder, L., Core, N., Alexandre, E., Vola, C., Jacq, B.,
and Kerridge, S. 1991. The gene teashirt is required for the
development of Drosophila embryonic trunk segments and
encodes a protein with widely spaced zinc finger motifs. Cell
64: 63–79.

Freeman, M. 1996. Reiterative use of the EGF receptor triggers
differentiation of all cell types in the Drosophila eye. Cell
87: 651–660.

Friedrich, M. and Benzer, S. 2000. Divergent decapentaplegic
expression patterns in compound eye development and the
evolution of insect metamorphosis. J. Exp. Zool. 288: 39–55.

Gallet, A., Angelats, C., Erkner, A., Charroux, B., Fasano, L., and
Kerridge, S. 1999. The C-terminal domain of armadillo binds
to hypophosphorylated teashirt to modulate wingless signal-
ling in Drosophila. EMBO J. 18: 2208–2217.

Gehring, W.J. 1996. The master control gene for morphogenesis
and evolution of the eye. Genes Cells 1: 11–15.

Gonzalez-Crespo, S. and Morata, G. 1995. Control of Dro-
sophila adult pattern by extradenticle. Development 121:
2117–2125.

Gonzalez-Crespo, S., Abu-Shaar, M., Torres, M., Martínez-A,
C., Mann, R.S., and Morata, G. 1998. Antagonism between
extradenticle function and Hedgehog signalling in the devel-
opment limb. Nature 394: 196–200.

Greenwood, S. and Struhl, G. 1999. Progression of the morpho-
genetic furrow in theDrosophila eye: The roles of Hedgehog,
Decapentaplegic and the Raf pathway. Development 126:
5795–5808.

Halder, G., Callaerts, P., and Gehring, W.J. 1995. Induction of
ectopic eyes by targeted expression of the eyeless gene in
Drosophila. Science 267: 1788–1792.

Hazelett, D.J., Bourouis, M., Walldorf, U., and Treisman, J.E.
1998. decapentaplegic and wingless are regulated by eyes

absent and eyegone and interact to direct the pattern of reti-
nal differentiation in the eye disc. Development 125: 3741–
3751.

Horsfield, J., Penton, A., Secombe, J., Hoffman, F.M., and Rich-
ardson, H. 1998. decapentaplegic is required for arrest in G1
phase during Drosophila eye development. Development
125: 5069–5078.

Jarman, A.P., Grell, E.H., Ackerman, L., Jan, L.Y., and Jan, Y.N.
1994. Atonal is the proneural gene for Drosophila photore-
ceptors. Nature 369: 398–400.

Kronhamn, J., Frei, E., Daube, M., Jiao, R., Shi, Y., Noll, M., and
Rasmuson-Lestander, A. 2002. Headless flies produced by
mutations in the paralogous Pax6 genes eyeless and twin of
eyeless. Development 129: 1015–1026.

Kurant, E., Eytan, D., and Salzberg, A. 2001. Mutational analysis
of the Drosophila homothorax gene. Genetics 157: 689–698.

Lee, J.D. and Treisman, J.E. 2001. The role of Wingless signaling
in establishing the anteroposterior and dorsoventral axes of
the eye disc. Development 128: 1519–1529.

Ma, C. and Moses, K. 1995. Wingless and patched are negative
regulators of the morphogenetic furrow and can affect tissue
polarity in the developing Drosophila compound eye. Devel-
opment 121: 2279–2289.

Mann, R.S. and Affolter, M. 1998. Hox proteins meet more part-
ners. Curr. Opin. Genet. Dev. 8: 423–429.

Mardon, G., Solomon, N.M., and Rubin, G.M. 1994. dachshund
encodes a nuclear protein required for normal eye and leg
development in Drosophila. Development 120: 3473–3486.

Marquardt, T., Ashery-Padan, R., Andrejewski, N., Scardigli, R.,
Guillemot, F., and Gruss, P. 2001. Pax6 is required for the
multipotent state of retinal progenitor cells. Cell 105: 43–55.

Moskow, J.J., Bullrich, F., Huebner, K., Daar, I.O., and Buchberg,
A.M. 1995. Meis1, a PBX1-related homeobox gene involved
in myeloid leukemia in BXH-2 mice. Mol. Cell. Biol. 15:
5434–5443.

Nellen, D., Burke, R., Struhl, G., and Basler, K. 1996. Direct and
long-range action of a DPP morphogen gradient. Cell 85:
357–368.

Neumann, C.J. and Nuesslein-Volhard, C. 2000. Patterning of
the zebrafish retina by a wave of sonic hedgehog activity.
Science 289: 2137–2139.

Newsome, T.P., Asling, B., and Dickson, B.J. 2000. Analysis of
Drosophila photoreceptor axon guidance in eye-specific mo-
saics. Development 127: 851–860.

Niimi, T., Seimiya, M., Kloter, U., Flister, S., and Gehring, W.J.
1999. Direct regulatory interaction of the eyeless protein
with an eye-specific enhancer in the sine oculis gene during
eye induction in Drosophila. Development 126: 2253–2260.

O’Neill, E.M., Rebay, I., Tjian, R., and Rubin, G.M. 1994. The
activities of two Ets-related transcription factors required for
Drosophila eye development are modulated by the Ras/
MAPK pathway. Cell 78: 137–147.

Pai, C.-Y., Kuo, T., Jaw, T., Kurant, E., Chen, C., Bessarab, D.,
Salzberg, A., and Sun, Y. 1998. The Homothorax homeopro-
tein activates the nuclear localization of another homeopro-
tein, extradenticle, and suppresses eye development in Dro-
sophila. Genes & Dev. 12: 435–446.

Pan, D. and Rubin, G.M. 1998. Targeted expression of teashirt
induces ectopic eyes in Drosophila. Proc. Natl. Acad. Sci.
95: 15508–15512.

Pichaud, F. and Casares, F. 2000. homothorax and iroquois-C
genes are required for the establishment of territories within
the developing eye disc. Mech. Dev. 96: 15–25.

Pignoni, F. and Zipursky, S.L. 1997. Induction ofDrosophila eye
development by decapentaplegic. Development 124: 271–
278.

Bessa et al.

2426 GENES & DEVELOPMENT

 



Pignoni, F., Hu, B., Zavitz, K.H., Xiao, J., Garrity, P.A., and
Zipursky, S.L. 1997. The eye-specification proteins So and
Eya form a complex and regulate multiple steps in Dro-
sophila eye development. Cell 91: 881–891.

Plaza, S., Prince F., Jaeger, J., Kloter, U., Flister, S., Benassayag,
C., Cribbs, D., and Gehring, W.J. 2001. Molecular basis for
the inhibition of Drosophila eye development by Antenna-
pedia. EMBO J. 20: 802–811.

Punzo, C., Seimiya, M., Flister, S., Gehring, W.J., and Plaza, S.
2002. Differential interactions of eyeless and twin of eyeless
with the sine oculis enhancer. Development 129: 625–634.

Ready, D.F., Hanson, T.E., and Benzer, S. 1976. Development of
the Drosophila retina, a neurocrystalline lattice. Dev. Biol.
53: 217–240.

Reifegerste, R. and Moses, K. 1999. Genetics of epithelial polar-
ity and pattern in the Drosophila retina. Bioessays 21: 275–
285.

Rieckhof, G., Casares, F., Ryoo, H.D., Abu-Shaar, M., and
Mann, R.S. 1997. Nuclear translocation of Extradenticle re-
quires homothorax, which encodes an Extradenticle-related
homeodomain protein. Cell 91: 171–183.

Ryoo, H.D., Marty, T., Casares, F., Affolter, M., and Mann, R.S.
1999. Regulation of Hox target genes by a DNA bound Ho-
mothorax/Hox/Extradenticle complex. Development 126:
5137–5148.

Sekelsky, J.J., Newfeld, S.J., Raftery, L.A., Chartoff, E.H., and
Gelbart, W.M. 1995. Genetic characterization and cloning of
mothers against dpp, a gene required for decapentaplegic
function in Drosophila melanogaster. Genetics 139: 1347–
1358.

Shen, W. and Mardon, G. 1997. Ectopic eye development in
Drosophila induced by directed dachshund expression. De-
velopment 124: 45–52.

Simmonds, A.J., Liu, X., Soanes, K.H., Krause, H.M., Irvine,
K.D., and Bell, J.B. 1998. Molecular interactions between
Vestigial and Scalloped promote wing formation in Dro-
sophila. Genes & Dev. 12: 3815–3820.

Staehling-Hampton, K., Jackson, P.D., Clark, M.J., Brand, A.H.,
and Hoffmann, F.M. 1994. Specificity of bone morphoge-
netic protein-related factors: Cell fate and gene expression
changes in Drosophila embryos induced by decapentaplegic
but not 60A. Cell Growth Differ. 5: 585–593.

Struhl, G. and Basler, K. 1993. Organizing activity of wingless
protein in Drosophila. Cell 72: 527–540.

Treisman, J.E. 1999. A conserved blueprint for the eye? Bioes-
says 21: 843–850.

Treisman, J.E. and Heberlein, U. 1998. Eye development inDro-
sophila: Formation of the eye field and control of differen-
tiation. Curr. Top. Dev. Biol. 39: 119–158.

Treisman, J.E. and Rubin, G.M. 1995.wingless inhibits morpho-
genetic furrow movement in the Drosophila eye disc.Devel-
opment 121: 3519–3527.

Waltzer, L., Vandel, L., and Bienz, M. 2001. Teashirt is required
for transcriptional repression mediated by highWingless lev-
els. EMBO J. 20: 137–145.

Wiersdorff, V., Lecuit, T., Cohen, S.M., and Mlodzik, M. 1996.
Mad acts downstream of Dpp receptors, revealing a differen-
tial requirement for dpp signaling in initiation and propaga-
tion of morphogenesis in the Drosophila eye. Development
122: 2153–2162.

Wolff, T. and Ready, D.F. 1991. The beginning of pattern for-
mation in the Drosophila compound eye: The morphoge-
netic furrow and the second mitotic wave. Development
113: 841–850.

Wu, J. and Cohen, S.M. 1999. Proximodistal axis formation in
the Drosophila leg: Subdivision into proximal and distal do-

mains by Homothorax and Distal-less. Development
126: 109–117.

———. 2000. Proximal distal axis formation in the Drosophila
leg: Distinct functions of teashirt and homothorax in the
proximal leg. Mech. Dev. 94: 47–56.

———. 2002. Repression of Teashirt marks the initiation of
wing development. Development 129: 2411–2418.

Zecca, M. and Struhl, G. 2002. Control of growth and patterning
of theDrosophilawing imaginal disc by EGFR-mediated sig-
naling. Development 129: 1369–1376.

Combinatorial control of eye development

GENES & DEVELOPMENT 2427



 



 

Chapter III 

 

 

 

Restricted teashirt expression 

confers eye-specific responsi-

veness to Dpp and Wg signals 

during eye specification in 

Drosophila 

 

 

 

In chapter 2 we have found evidence 

that Ey, Hth and Tsh function together, 

perhaps as a complex, promoting cell 

proliferation and repressing ERG. In this same 

chapter we have observed that ectopic 

expression of Ey in the wing disc generates 

ectopic eyes in regions where hth and tsh are 

endogenously expressed, suggesting again 

that the combination of these three factors is 

required for eye specification. Furthermore, in 

chapter 1 we observed that the PE, a region of 

the eye disc that does not give rise to eye, is 

similar to the DP in that it also expresses Ey 

and Hth, but not Tsh. These results, together 

with the work of Pan and Rubin (Pan and Rubin, 

1998), in which ectopic tsh in the antenna is 

able to generate ectopic eyes, led us to test the 

possibility that transient expression of Tsh in 



the PE could be sufficient to induce eye 

specification. This turned out to be the case. 

Based in this artificial system, we aimed to 

understand the mechanisms by which ectopic 

expression of tsh triggers eye differentiation, 

as a way to study Tsh function during eye 

development.  

Finally, based on a recent publication 

that describes the function of a possible 

homolog of Tsh, Tiptop, during embryogenesis 

(Laugier et al., 2005), we tested the possible 

redundant function of tsh and tio during larval 

development paying particular attention to the 

cross regulation of both genes. 



Introduction
During development, groups of cells become singled out as
organ primordia through the combined action of organ-specific
selector genes and a limited number of signaling pathways
(reviewed by Mann and Morata, 2000). Nevertheless, the
expression domains of selectors genes are often broader than
the territories that actually become the primordia. This is the
case during the specification of the Drosophila compound eye.
The fly eye derives from a bilayered epithelial sac called the
eye imaginal disc. Throughout the three larval stages (L1 to
L3), undifferentiated disc cells become progressively
committed to different organ fates: eye, antenna, maxillary palp
and head capsule. When the eye disc is formed, early during
L1, all its cells express the so-called ‘eye selector’ genes: the
Pax6 paralogs eyeless (ey) and twin of eyeless (toy) (Czerny et
al., 1999; Gehring, 2002). Thus, other factors, in addition to
Pax6 genes, must contribute to the selection of the eye
primordium identity within the eye disc.

During L2, cell morphology in the two adjacent epithelial
layers of the eye disc becomes distinct. The eye derives from
the columnar layer called the main epithelium (ME), or disc
proper. The overlaying squamous layer, the peripodial
epithelium (PE), contributes to the head capsule that surrounds
the eye (Haynie and Bryant, 1986; Jurgens and Hartenstein,
1993). These cell morphological changes are paralleled by
changes in the expression of key genes. The expression of eyes
absent (eya) in the posterior of the ME during L2 is considered
the first hallmark of eye primordium specification. The
initiation of eya expression is immediately followed by that of
sine ocullis (so) and Dachshund (Dac). eya, so and Dac are
collectively known as ‘early retinal genes’, as their co-
expression is necessary to lock-in the eye fate within the eye

field, possibly by acting together as a transcriptional complex
(Desplan, 1997; Kenyon et al., 2003; Kumar and Moses, 2001;
Pichaud et al., 2001). The homologs of ey/toy and the early
retinal genes also play crucial roles during vertebrate eye
development (reviewed by Chow and Lang, 2001).

The expression of hedgehog (hh) and hh-dependent
decapentaplegic (dpp) transcription at the posterior margin of
the disc is key for the definition of the eye primordium, as they
activate the expression of eya and so. The eye-inducing
functions of dpp also include the posterior repression of
wingless (wg), which would otherwise block eye development
by promoting the alternative head-capsule fate. Therefore, wg,
which is expressed in the anterior regions of the disc, and dpp,
which is expressed first along the posterior margin and later at
the MF, antagonize each other as eye-repressor and eye-
activator, respectively (reviewed by Dominguez and Casares,
2005; Pappu and Mardon, 2004).

Early in L3, after the definition of the eye primordium within
the eye disc, retinal differentiation begins in the posterior
region of the eye primordium (Curtiss and Mlodzik, 2000;
Dominguez and Hafen, 1997; Heberlein et al., 1993). Once
initiated, retinal differentiation proceeds as a wave in a
posterior-to-anterior direction. The front of this differentiation
wave is marked by an indentation of the main epithelium called
morphogenetic furrow (MF). Thus, during wave progression,
undifferentiated cells are anterior to the MF, while
differentiating cells are posterior to it (reviewed by Treisman
and Heberlein, 1998). The progression of the MF is driven by
the joint action of dpp, expressed within the furrow, and by hh,
expressed in cells posterior to the furrow. The induction of the
proneural gene atonal (ato) by hh is the first step towards the
definition of the R8 photoreceptor, the founder neuron of

In Drosophila, the eye primordium is specified as a
subdomain of the larval eye disc. Here, we show that the
Zn-finger transcription factor teashirt (tsh) marks the
region of the early eye disc where the eye primordium will
form. Moreover, tsh misexpression directs eye primordium
formation in disc regions normally destined to form head
capsule, something the eye selector genes eyeless (ey) and
twin of eyeless (toy) are unable to do on their own. We

present evidence that tsh induces eye specification, at least
in part, by allowing the activation of eye specification genes
by the wingless (wg) and decapentaplegic (dpp) signaling
pathways. Under these conditions, though, terminal eye
differentiation proceeds only if tsh expression is transient.

Key words: Drosophila, Eye disc, Eye determination, Teashirt,
Wingless, Decapentaplegic, Eyes absent, Homothorax, Atonal
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the mature eye units, or ommatidia. (Dominguez, 1999;
Dominguez and Hafen, 1997). The expression of the selector
genes ey and toy, which is initially widespread, is repressed in
differentiating cells and thus their expressions become
restricted to the undifferentiated region of the eye disc, anterior
to the MF (Czerny et al., 1999).

Two other transcription factors are known to be expressed
in late L2-early L3 eye discs: teashirt (tsh), which encodes a
transcription factor harboring three widely spaced Zn-finger
domains (Fasano et al., 1991); and homothorax (hth), a Meis-
family homeobox gene (Pai et al., 1998; Rieckhof et al.,
1997). The pattern of tsh expression in L3 eye discs is very
similar to that of ey/toy, its expression being activated
anterior to the MF and repressed posterior to it (Bessa et al.,
2002; Fasano et al., 1991) (Fig. 1E). hth expression is
repressed close to the MF via the action of dpp produced at
the MF (Bessa et al., 2002). Therefore, the tsh territory can
be further subdivided into two domains: a domain, far from
the MF, in which hth expression maintains cells in an
undifferentiated state and represses retinal selector gene
expression (such as eya); and a domain abutting the MF, in
which hth is repressed, leading to eya upregulation (Bessa et
al., 2002). The latter is also known as the pre-proneural
domain, as it precedes the onset of retinal differentiation
(Greenwood and Struhl, 1999). In addition, hth expression is
maintained in the peripodial epithelium and margin of the eye
disc during its whole development (Pai et al., 1998; Pichaud
and Casares, 2000). A detailed description of the dynamics
of ey and tsh expressions is currently lacking.

Several lines of evidence suggest a role for tsh during eye
development, although precisely what its role(s) are have not
been fully clarified. tsh overexpression in the eye disc can
induce ectopic eye development or block its normal
formation, depending on the Gal4-promoter used (Manfroid
et al., 2004; Pan and Rubin, 1998; Singh et al., 2004; Singh
et al., 2002).

Interestingly, the steps leading to the specification of the eye
primordium within the eye disc occur in only one of the two
epithelial layers that compose the disc – the ME. This
restriction is not explained by the model outlined above, as all
L1 disc cells express the eye selector gene ey, and the signaling
molecules wg and dpp, which are transcribed along the margins
of the disc, should be able to reach both layers. Therefore,
factors differentially expressed in the two disc layers must be
responsible for making one of them either competent, or
refractory, to eye-determining signals. Such factor(s) should be
expressed specifically in one of the layers of the disc prior to
the onset of eye-specific gene expression, and its expression
might be able to alter the developmental potential of the other,
if expressed ectopically.

Here, we show that tsh expression starts during L2 and is
restricted to the ME. Ectopic expression of tsh in the peripodial
cells transforms them into eye primordium-like cells, as judged
by their cell morphology and gene expression; nevertheless, the
final differentiation of these cells into retina occurs only if tsh
expression is transient. Furthermore, our results indicate that
tsh re-specification properties rely on its ability to make
peripodial cells respond to wg and dpp by initiating the eye
differentiation program. Thus, the asymmetric expression of
tsh in one disc layer might allow eye primordium specification
to occur in just that layer.

Materials and methods
Genotypes and genetic manipulations
Larvae were raised at 25°C, unless otherwise indicated. tsh1 (called in
this work tshZ) (Fasano et al., 1991) was used as reporter for tsh
expression.

For targeted mis-expression, we used the UAS/GAL4 system
(Brand and Perrimon, 1993). Lines used were UAS-tsh (Gallet et al.,
1998), UAS-ey (Halder et al., 1995), UAS-toy (Czerny et al., 1999),
UAS-tkvQD (Nellen et al., 1996), UAS-Axin A2 (Willert et al., 1999),
dpp-GAL4 (Staehling-Hampton et al., 1994), tsh-GAL4 (Wu and
Cohen, 2000), ey-GAL4 (Hazelett et al., 1998), Arm-GAL4
(Tolwinski and Wieschaus, 2001) and hs-GAL4 {P[w(+mC)=GAL4-
Hsp70.PB]89-2-1; Flybase}. MS1096 (Milan et al., 1998) and
MD705 (gift from G. Morata) express Gal4 specifically in the
PE/margin of the eye disc (see Results section), beginning in late
L2.

tsh-ectopic expression clones were generated randomly in eye
discs by heat shocking L1 or L2 larvae [24-48 hours and 48-72 hours
after egg laying (AEL), respectively] for 30 minutes at 35.5°C from
a yw hsFlp122; tub>GFP, y+>GAL4 (Zecca and Struhl, 2002);
UAS-tsh/SM6^TM6B stock, or from the following crosses: yw hsFlp
122; tub>GFP, y+>GAL4; UAS-tsh/SM6^TM6B females to
UAS-Axin A2 or UAS-tkvQD/Y; UAS-Axin A2 males; and yw
hs-Flp122; act>y+>GAL4, UAS-lacZ/CyO (Ito et al., 1997)
females to UAS-ey; UAS-toy; UAS-tkvQD/Y, +; or UAS-Axin A2
males. Clones were marked negatively by the absence of GFP, or
positively by detection of �-galactosidase (lacZ-marked) or Tsh
antigens.

Mad¯ loss-of-function clones were induced in the eye disc in larvae
of the genotype ey-Flp; FRT 40A MadB1/FRT 40A arm-Z (Hazelett et
al., 1998) and marked by the absence of �-galactosidase.

To induce a pulse of tsh expression, larvae of the genotype hs-Gal4;
UAS-tsh were heat shocked for 45 minutes at 35°C during L2, after
which they were returned to 25°C for the rest of their development.
Discs were dissected from late L3 larvae.

tsh-knock-down was achieved by expressing a UAS-tshRNAi
transgene [flies kindly provided by Georg Dietzl and Barry Dickson
(IMBA, Vienna)], which carries an inverted repeat targeting the
sequence GGCGGTGCTGCTGGTAGTGGCGCAGTGACCAAAG-
CGAGGCATAACATTTGGCAATCGCACTGGCAAAACAAGGGT-
GTGGCCAGTTCGGTGTTCAGATGTGTGTGGTGCAAGCAGAG-
TTTCCCTACCCTGGAAGCCCTGACCACCCACATGAAGGACA-
GCAAGCATTGCGGCGTGAATGTACCACCTTTTGGTAATCTG-
CCAAGCAACAATCCTCAGCCGCAGCACCACCATCCAACTCC-
ACCTCCACCGC in the tsh cDNA. UAS-tshRNAi was induced in
two ways: (1) in clones, induced at 28-72 hours AEL in larvae of the
genotype yw hs-Flp122; act>y+>GAL4, UAS-lacZ; UAS-tshRNAi;
or (2) uniformly in the developing eye disc of larvae of the genotype
ey-GAL4; arm-GAL4/UAS-tshRNAi. Larvae containing only one of
these two GAL4 drivers plus the UAS-tshRNAi transgene gave rise
to normal flies.

Immunostaining
Antibodies used were rabbit anti-�-galactosidase (Cappel), mouse
anti-�-galactosidase (Sigma), guinea pig anti-Hth (Casares and Mann,
1998), rabbit anti-Tsh (Wu and Cohen, 2000), rabbit and rat anti-Ey
(gifts from P. Callaerts), and rabbit anti-Ato (Jarman et al., 1993). The
monoclonal antibodies against Armadillo (Riggleman et al., 1990),
Dac (Mardon et al., 1994), Eya (Bonini et al., 1993), Elav (7E8A10;
(O’Neill et al., 1994) and mouse 22C10 (Fujita et al., 1982) were
obtained from the DSHB, University of Iowa. Anti-mouse, anti-rabbit
and anti-guinea pig secondary antibodies, conjugated with Alexa 488,
568 or 647 are from Molecular Probes, and anti-rat secondary
antibodies conjugated with FITC, Cy3 or Cy5 are from Jackson
Laboratories. GFP signal was directly detected. Images were obtained
with a SP2-AOBS Leica confocal system and processed with Adobe-
Photoshop.
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tsh in eye primordium specification

X-Gal histochemical staining
Late MS1096-Gal4/UAS-lacZ pupae were dissected and processed as
described previously (Casares and Mann, 2000).

Results
tsh expression is restricted to the main epithelium
of L2 eye discs
tsh transcription and protein distribution throughout eye disc
development were assayed using the reporters tsh-Z and tsh-
gal4, and an anti-Tsh antiserum (Fig. 1), respectively. tsh is not
expressed in embryonic eye-antennal disc primordia (Fasano
et al., 1991) (Fig. 1A). tsh-gal4 expression is very similar, both
spatially and temporally, to that of tsh-Z, although a bit patchy

(not shown). Therefore, we describe only tsh-Z. In L1 discs,
which show no signs of morphological differentiation, ey
expression is widespread in both prospective PE and ME
layers. At this stage, no or very weak tsh-Z expression is
detected (Fig. 1B). Expression of tsh first begins in early L2
discs at the time of Eya induction (Kenyon et al., 2003),
specifically in the ME layer (Fig. 1C). It is around this time
that the morphologies of the PE and ME epithelia become
distinct (compare Fig. 1B,C). In early third instar discs the eye
primordium expresses both ey and tsh (Bessa et al., 2002;
Halder et al., 1998). The tsh expression domain is confined to
the ME, while ey is also expressed along the disc margin and
PE (Fig. 1E) (Bessa et al., 2002). Before retinogenesis, tsh
expression domain is subdivided into two subdomains: in the

Fig. 1. tsh expression in the eye disc starts during L2 and is restricted to the columnar ME. In all images, anterior is towards the left. (A) Dorsal
view of a late ey-Z embryo. The eye disc primordium, visualized with an ey-Z reporter (anti-�-galactosidase, red) does not express tsh (anti-
Tsh, green). (B-E) vertical optical sections of L1 (B), L2 (C) and early L3 (D,E) eye discs; the PE is marked by an arrow. (D,E) Region where
the retina is already differentiating is marked by the curved line. Merged images and separate channels are shown. Ey (anti-Ey, red) is expressed
in both eye disc layers during the whole development of the disc (B,C,E). tsh, which is monitored by a tsh-Z reporter (anti-�-galactosidase,
green), is not expressed in L1 discs (B), but becomes upregulated in L2 discs in the columnar layer (C; arrowhead) and maintained there in
early L3 discs (E). (D) Tsh expression overlaps Eya in the ME (anti-Eya, red). (F,G) Confocal images through the ME (F) or PE (G) layers of
early L3 discs, stained for Hth (blue), Tsh (green) and Eya (red). (F) tsh is expressed only in the main epithelium (F), where it is co-expressed
with Hth in an anterior subdomain (cyan) and with Eya in a posterior one (yellow-orange). In the scheme on the right, the domain of tsh
expression is outlined in green, and the anterior and posterior subdomains are colored in cyan and orange, respectively. The approximate
domains of wg and dpp expression at this stage are depicted as the blue and red bars, respectively. (G) In the PE of a similar stage disc, neither
tsh nor eya is expressed. This is represented in the scheme on the right. (H) Idealized vertical cross-section through the line in F and G. The
color codes as in F and G. pe, peripodial epithelium; me, main epithelium. (I) tsh-expressing clones in the disc margin or PE induce the
columnarization of the cells. Tangential confocal section through a disc, showing a tsh+ clone (marked with anti-Tsh, green) in the dorsal PE.
The membranes are labeled with Arm (red). tsh+ cells overproliferate and exhibit a columnar morphology, contrasting with the more squamous
morphology of neighboring, Tsh non-expressing, cells. The broken line in the merged image delineates the tissue.
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anterior part of the eye primordium, tsh expression domain
overlaps that of hth, and in its posterior part it overlaps eya
(Fig. 1D,F,H). At this stage, tsh is still absent from the PE (Fig.
1G,H). In late L3 discs, tsh expression remains co-expressed
with ey in cells anterior to the MF (Fig. 1E).

The specification of the eye primordium within the ME of L2
discs correlates with tsh expression, suggesting that tsh might
be involved in this specification. If this is the case, we expect
that ectopic tsh expression will transform PE cells into an eye
primordium, characterized by: (1) columnar morphology of the
epithelial cells; (2) eye-specific gene expression; and (3) eye-

specific response to key signaling pathways. We have analyzed
each of these points in turn by inducing the expression of tsh
in marked clones of cells in the PE.

tsh induces a columnar cell shape in peripodial cells
Cells expressing tsh in the margin of the disc or in the PE
overproliferate (Bessa et al., 2002; Singh et al., 2002) (Fig. 1I),
adopt a columnar shape, with elongated nuclei, and are more
densely packed than non-expressing cells (Fig. 1I). Some of
these clones further show a sorting behavior, by which the tsh-
expressing cells arrange themselves as hollow sacs with their
apical sides pointing inwards, as monitored by expression of
armadillo/�-catenin, which localizes to adherens junctions (not
shown). Such a sorting behavior is usually considered to be the
consequence of the cells adopting a new identity (McNeill,
2000).

tsh, but neither ey nor toy, induces eya expression
in peripodial cells
In order to test if tsh is sufficient to induce eye primordium
identity in PE cells, we analyzed the expression of the eye
selector gene ey, as well as that of the early retinal genes eya
and Dac in tsh-expressing clones. tsh-positive cells show
increased Ey expression (Fig. 2A). In addition, PE tsh-
expressing clones that lie close to the posterior margin activate
eya (see Fig. 2B) and the eya target Dac (data not shown),
indicating that these cells adopt an eye primordium-like fate.
PE clones overexpressing ey are not able to induce eya (Fig.
2C), neither are similar toy-expressing clones, in which ey
expression is upregulated (Fig. 2D). In these PE clones, tsh
expression is not induced (Fig. 2E). Therefore, we conclude that
neither ey upregulation nor the joint overexpression of toy and
ey are able to re-specify the peripodial epithelium. In addition,
overexpression of eya in PE clones do not turn Dac on either
(data not shown), which reinforces the idea that PE re-
specification as eye primordium occurs only if tsh is expressed.

The expression of tsh in PE makes cells respond to
Dpp and Wg signals in an eye-specific manner
Expression of tsh activates eya expression mostly in the center
and posterior half of the PE, but not in the anterior half (Fig.
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Fig. 2. Overexpression of ey or toy is not capable of altering PE fate.
Anterior is towards the left in all panels, and dorsal is upwards
(except for z-sections in B and D). (A,B) tsh-expressing PE clones
(arrows) upregulate Ey expression (A) and Eya (B). In some tsh-
expressing clones, the upregulation of ey is not strictly cell-
autonomous, as some cells adjacent to the expressing clone also
increase Ey signal (A, arrowhead). (B) Confocal z-section through
the white line is shown, demonstrating the PE location of the tsh+
clone (arrow), the cell-autonomous activation of Eya (green) and the
repression of Hth (blue). Normal Eya expression is seen in the ME
(me). (C) An ey-expressing clone in the peripodial epithelium (red),
though, does not activate eya expression (green) or alter the
morphology of the peripodial cells. (D,E) toy-expressing PE clones
(toy+; arrowheads), marked with lacZ (blue). (D) toy-expressing PE
cells (blue) upregulate Ey expression, while that of Eya remains
absent. Separate channels of a z-section through the clone marked
with the arrowhead are shown on the right. Ey and Eya are detected
normally in the ME (me). The white line indicates the approximate
location of the section. (E) In PE toy-expressing clones (arrowheads),
Tsh is not upregulated.

D
ev

el
op

m
en

t



tsh in eye primordium specification

3B). Clones in this anterior region retain the expression of hth
(Fig. 3G), which is normally expressed in all PE cells (Pai et
al., 1998; Pichaud and Casares, 2000). As dpp and wg are
expressed in the domains of the posterior and anterior discs,
respectively, we reasoned that these differences in the response
of tsh-expressing cells could be the result of these signaling
pathways acting differently in anterior and posterior domains
of the PE.

To test this hypothesis, we first checked the response of
normal PE cells to variations in both wg and dpp pathways.
Clones where the dpp pathway was hyperactivated through the
expression of a constitutively active dpp-receptor, thick veins
(tkvQD; Fig. 3A; see Fig. 3D for comparison of the effects in
the ME), or blocked by removing the signal transducer Mothers
against dpp (Mad; not shown), showed no induction of eya
expression or cell morphology changes. Neither did anterior
clones expressing Axin, a negative regulator of the wg pathway
(Fig. 3F) or overexpressing wg (not shown). Nevertheless,
when alterations in the dpp and wg pathways were performed
in the presence of ectopic tsh, PE cells showed gene expression
responses characteristic of the ME. Thus, whereas posterior

tsh-expressing PE cells induce eya expression (Fig. 2B, Fig.
3B), tsh-expressing cells in which the dpp pathway has been
blocked by removing Mad no longer express eya (Fig. 3C).
Again, this is the behavior exhibited by tsh+ ME cells deprived
of dpp signaling (Fig. 3E) (Curtiss and Mlodzik, 2000).
Similarly, while anterior tsh-expressing PE cells retain hth
expression (Fig. 3G), most clones expressing both tsh and Axin
lose hth expression (Fig. 3H), as they do if Axin is expressed
in the ME within the tsh domain (Fig. 3I). PE tsh+ tkv+ clones
still fail to activate eya in anterior dorsal and anterior ventral
regions (not shown), suggesting that even in these clones wg
signaling can prevent PE re-specification. Clones of PE cells
expressing tsh, tkvQD and Axin now activate eya anywhere in
the disc (Fig. 3J), indicating that, in the presence of tsh, wg and
dpp antagonize each other to regulate eya expression. We note,
however, that the squamous to columnar cell shape change
induced by tsh is independent of the activity of the wg and dpp
pathways (Fig. 3; not shown).

These results suggest that tsh, when expressed in the PE, can
reprogram this epithelial layer to respond to wg and dpp signals
such that it develops in an eye primordium-specific manner.

Fig. 3. tsh induces competence to
respond to dpp and wg in peripodial
cells. (A-C,F-H,J) PE clones. Anterior
is towards the left, and dorsal
upwards. (A) Clones expressing an
activated tkv receptor (tkvQD+, red)
do not activate Eya expression (green)
or induce cell-morphological changes
(arrows); in addition, Hth expression
remains unchanged (blue).
(B) Posterior tsh-expressing
peripodial clones (Tsh+) induce Eya
expression (arrows), but anterior ones
do not (arrowheads). (C) In tsh-
expressing clones simultaneously
mutant for the dpp signal transducer
Mad (Tsh+ Mad-; arrows) eya is never
induced. (D,E) ME clones (arrows):
(D) tkvQD-expressing clone (red) in
anterior regions of the disc de-
represses Eya (green; the co-
expression is seen in yellow). These
clones lose Hth expression (blue).
(E) Conversely, a Mad– clone
(marked by the absence of lacZ, in
red) shows a strong reduction of Eya
signal. (F) Axin-expressing clones
(lacZ, red; arrows) grow normally in
the PE, and do not affect Hth
expression (green; overlap in yellow).
(G) A tsh-expressing PE clone (tsh+;
marked with Tsh in red; arrow) shows
overgrowth, with more compact nuclei
that strongly express Hth (overlap in
yellow). (H) Cells in a clone co-
expressing Axin and tsh (tsh+ Axin+,
marked with Tsh in red; arrow) lose
Hth expression and do not
overproliferate. (I) An anterior ME Axin-expressing clone (lacZ in red; arrow) lying within the tsh domain (blue) downregulates Hth (green).
Hth levels decrease towards the posterior of the clone, as Axin+ cells are farther away from the anterior wg expression domain. In these Axin+
clones, Tsh expression is maintained (co-expression seen in magenta). (J) PE clones expressing simultaneously tsh, Axin and tkvQD (marked
with Tsh, red) activate Eya expression both in posterior (arrow) and in anterior (arrowheads) locations.
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tsh overexpression induces ato, a retinal proneural
gene
Retinal differentiation starts at the posterior of the eye
primordium, and depends on the expression of hh in the
adjacent posterior margin cells. A key step in the retinal
‘triggering’ is the induction of ato by hh (Dominguez and
Hafen, 1997). ato is expressed in a stripe of cells just abutting
the MF (Fig. 4A). In the MF, ato expression becomes restricted
first to evenly spaced proneural clusters and then to individual
R8 photoreceptor (Jarman et al., 1994). Although the two
available antisera to detect Ato and Tsh are both made in the
same species, precluding a direct co-expression analysis, two
lines of evidence indicate that tsh and ato expressions overlap
at the MF. First, tsh and ey expression strictly coincide, and ey
and ato overlap at the MF (data not shown); therefore, by
correlation, tsh and ato overlap. Second, a tsh-GAL4 reporter
also overlaps ato at the MF (Fig. 4A). To test whether tsh was
also able to convey an eye-specific proneural competence, we
analyzed the expression of ato in tsh-expressing eye disc cells.
Some tsh-expressing clones show autonomous ato expression
in a salt-and-pepper pattern (Fig. 4D). Surprisingly, this ato
induction is not disc specific (Fig. 4B,E,C,F). This might be
explained if tsh endows cells with a proneural potential.

tsh expression can re-specify PE as eye
primordium, but retinal differentiation proceeds only
if this expression is transient
Despite the fact that sustained expression of tsh in clones of
PE cells leads to gene expression and morphological changes
that are characteristic of eye primordium cells, these cells
failed to differentiate into retina (Bessa et al., 2002). We
reasoned that this failure might be related to sustained
expression of tsh, as in our clones, tsh expression is driven by
an ubiquitous and constitutive tubulin-GAL4 promoter. This
does not recapitulate the normal situation, where tsh expression
is dynamically turned off as retinal differentiation commences
at the ME (Bessa et al., 2002; Fasano et al., 1991). To test this
point, we induced a pulse of tsh expression by giving a heat
shock to L2 larvae of the genotype hs-Gal4; UAS-tsh. We
estimated that this treatment induces Tsh levels that are

between two to three times the endogenous ones (data not
shown). This transient tsh expression now results in the
development of distinct clusters of 22C10-positive
photoreceptors in the PE (Fig. 5A,B). This PE-eye
development is autonomously induced by tsh, as we verified in
marked clones in which the expression of tsh was modulated
during development by the use of a temperature-sensitive form
of the GAL4 repressor GAL80 (data not shown).

In addition, using the MS1096 and MD705 GAL4
promoters, both expressed in the margin and PE of the L3 eye
discs (Fig. 5C,E), ectopic eyes are induced (Fig. 5D,F,G; see
Fig. 5I for a description of the adult derivatives of the
MS1096-expressing cells). Accordingly, in these discs, the
clusters of 22C10-positive photoreceptors develop in regions
in which the expression of the GAL4 source has been turned-
off as the result of fate re-specification, and therefore where
tsh (and hth) is no longer expressed (Fig. 5F, insets; not
shown). Similarly driven ey expression in the PE, as expected,
does not result in ectopic eye development (Fig. 5H), even if
it is very efficient in eye-induction in other body places
(see Fig. 5J). Therefore, these results indicate that tsh
expression can induce eye primordium identity, but terminal
differentiation proceeds only if tsh expression is subsequently
turned off.

Knocking-down tsh function results in reduced eyes
To analyze an early role of tsh during eye development, we
reduced tsh function by expressing an UAS-tshRNAi transgene
in early discs. To drive this tshRNAi construct, we used a
combination of GAL4 drivers: ey-GAL4, which is expressed in
eye discs from L1, and the ubiquitous arm-GAL4, to globally
increase the levels of expression of the RNAi construct (see
Materials and methods). ey-GAL4; arm-GAL4/UAS-tshRNAi
flies show a variable degree of eye reduction (up to 75%; Fig.
6A,B). To check for the efficiency of the UAS-tshRNAi, we
drove its expression in clones, which allow the comparison of
Tsh levels between RNAi-expressing cells and wild-type
surrounding ones. In these clones, we detect a consistent, but
variable, reduction of Tsh immunoreactivity (Fig. 6C,D),
ranging from strongly reduced to almost normal levels (Fig.
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Fig. 4. tsh expression induces ato. (A-C) tsh-GAL4;
UAS-GFP L3 discs (tsh>GFP, red) stained with anti-
Ato (green) and 22C10 (neural marker, blue). (A) In
the eye disc, tsh>GFP expression extends up to the
MF (arrowhead) and overlaps ato. Posterior to the
MF, 22C10 marks differentiating photoreceptors.
(B,C) tsh-GAL4; UAS-GFP is expressed in proximal
domains in both leg (B) and wing (C) discs. (B) Leg
disc showing Ato expression in a cluster of
chordotonal organs (asterisk in B and E). (C) Wing
disc showing a small cluster of Ato+ cells in the
ventral anterior hinge region (asterisk). (D-F) In tsh-
expressing clones (tsh+, red) some cells turn on Ato
expression in the eye disc (D), leg (E) and wing (F)
discs (arrows). The arrowheads in D indicate the ato
expression at the endogenous MF.

D
ev

el
op

m
en

t



tsh in eye primordium specification

6E,F). Therefore, the overexpression of the tshRNAi is causing
a hypomorphic condition for tsh. Flies containing tshRNAi-
clones, which were unmarked in the eyes, often showed
reduced eyes with abnormal morphology (not shown). These
data indicate that tsh is required for normal eye development,
as the early reduction of its function seriously compromises
eye development, in agreement with previous results (Singh et
al., 2002).

Discussion
The integration of selector genes and signaling information
leads to the activation of organ-specific genetic programs. In
some cases, the expression domains of such selector genes are
larger than the final organ primordium whose identity they
define. This is the case during the specification of the eye
primordium in Drosophila, which is singled out as part of a
larger territory of ey- and toy-expressing cells (Pappu and
Mardon, 2004). Therefore other factors must exist helping
to refine which cells ultimately comprise the final organ
primordium. In this paper, we present evidence that, during the
development of the eye disc, tsh contributes to specifying the
eye primordium versus the PE. Thus, tsh is expressed only in
the ME and, if misexpressed, re-specifies PE by inducing cell
morphology and gene expression changes, and reducing tsh
function results in impaired eye development. tsh might
accomplish its function by making the eye disc cells respond
to wg and dpp signaling in an eye-specific manner.

Asymmetric expression of tsh underlies the
specification of one epithelial layer of the eye disc
as eye primordium, which alters the response of eye
disc cells to Wg and Dpp
During the development of the eye disc, only cells of the ME
will be specified as eye primordium. Although Wg and Dpp

Fig. 5. Transient expression of tsh in the PE results in ectopic eye
development. Anterior is towards the left in all images. Except for
the cross-section in B, dorsal is upwards. (A,B) L3 eye disc of a hs-
Gal4; UAS-tsh larvae, in which tsh was transiently induced during
L2 through a heat-pulse, shows clusters of 22C10 (red)
photoreceptors on the PE (marked by Hth nuclei, blue). (A) Focal
plane through the PE showing the axons (white arrowhead) and cell
bodies (white arrow); the ME photoreceptor cell bodies are also seen
in this plane (orange arrow). (B) Confocal z-section through the same
disc where the normal (orange) and the tsh-induced PE (white)
photoreceptors (arrows) plus associated axons (arrowheads) can be
distinctly seen. (C,E) Expression patterns of MD705-GAL4
(705>GFP) and MS-1096-GAL4 (1096>GFP) in late L3 eye discs.
(C) MD705-GAL4 drives expression along the dorsoanterior margin
and PE. (E) MS1096-GAL4 in both dorsal and ventral PE and
margin of the eye disc, although more strongly ventrally. Fate maps
(Haynie and Bryant, 1986) indicate that the dorsoanterior disc
margin and PE give rise to dorsal anterior head capsule (including
the frontal, vertical and post-vertical bristles) while anteroventral
margin and PE develops into anteroventral head capsule (including
the vibrissae, post-gena and lower post-occipital bristles).
(D) MD705- and (F) MS1096-driven tsh expression results in PE
photoreceptor differentiation (arrow). In 1096>Tsh discs, the region
where these photoreceptors develop loses tsh and hth expression
(close-up in Fi and Fii). (G) MS1096-driven tsh expression results in
ventral ectopic eyes (arrow) that replace ventral head structures (loss
of postgenal structures) and in small dorsal patches of photoreceptors
normally accompanied by a bristle (arrowhead). (H) MS1096-driven
expression of ey does not induce ectopic eyes in equivalent positions
(arrow) in the head, although it does so in the wing hinge (J), where
tsh is present (Bessa et al., 2002). (I) Expression of MS1096 detected
by X-Gal histochemistry in MS1096-GAL4/UAS-lacZ adult heads.
Signal is detected surrounding the eye in the dorsoanterior
(arrowhead) and ventroanterior head capsule (arrow), in agreement
with the fate map of the corresponding PE domains in eye discs.
Bolwig’s organ nerve (bn) runs along the peripodial layer of the eye
disc and is detected by 22C10.
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signals play essential roles during eye development (reviewed
by Treisman and Heberlein, 1998), PE cells are relatively
insensitive to these signaling pathways, as measured by cell
survival, morphology, proliferation or gene expression changes
(this work) (Baena-Lopez et al., 2003). Here, we show that tsh
starts being expressed in the ME around the time when the eye
primordium is specified, and that tsh has the potential to re-
direct eye disc PE cells towards eye development, an ability
the eye selector genes toy and ey do not have on their own. Our
results indicate that the PE can be re-specified by tsh
throughout most of the life of the larva. Thus, tsh-expressing
clones induced during L1 and L2 induce eya and Dac
expression (Fig. 2; data not shown). The transient expression
of tsh during L2 (Fig. 5; data not shown), or its induction by
Gal4 drivers active during late-L2/L3, results in ectopic PE
eyes.

We propose that one way in which tsh might be involved in
eye fate specification is by altering the response of eye disc
cells to Dpp and Wg signals. The molecular mechanisms by
which tsh might achieve this during eye development remain
to be further investigated, but they might be similar to those
already described during embryogenesis, where Tsh modulates
wg and dpp pathways directly interacting with Armadillo, the
wg signaling transducer, and with Brinker, a transcriptional

repressor of the dpp pathway (Gallet et al., 1999; Gallet et al.,
1998; Jazwinska et al., 1999; Rushlow et al., 2001; Saller et
al., 2002).

In the eye disc, the cells specific response to wg and dpp
enabled by tsh is superimposed onto the expression of eye-
selector genes. Such combination of factors in turn would
specify the eye primordium. The fact that Tsh and Ey have the
potential to interact directly (Bessa et al., 2002) makes it
possible for Ey to tether Tsh-containing transcriptional
complexes to eye-specific targets genes.

We have also observed that ato expression is induced in
some of the tsh-overexpressing eye-disc cells. Therefore, tsh
has the potential not only to sensitize eye disc cells to wg and
dpp signals, but also to make them prone to neural
differentiation. Niwa and co-workers (Niwa et al., 2004) have
recently shown that dpp and wg regulate the spatial activation
of ato to position several adult sensory organs, including the
eye, within the corresponding imaginal discs. This mechanism
for positioning ato would define, according to these authors, a
sensory organ prototype upon which selector genes, such as ey,
would specify the final sensory type. Interestingly, the ectopic
ato expression induced by tsh is not disc specific and, if tsh
induction is transient, results in ectopic neurons (Fig. 5E,F).
This ato induction might be mediated by tsh enabling cells to
respond to dpp and wg.

Temporal regulation of tsh in establishing
competence and allowing differentiation
Our results underlie the importance of the precise and dynamic
spatiotemporal pattern of expression of tsh: on the one hand,
tsh expression must be confined to the ME layer of the eye disc;
on the other, and in order for eye development to proceed, tsh
has to be first expressed in undifferentiated cells to be later
turned off to allow retinal differentiation. The earlier paradox
of tsh acting both as eye repressor and inductor, depending on
the Gal4 promoters used, can now be explained as follows:
Gal4 promoters that are not repressible by the gene expression
changes induced upon tsh overexpression, such as ey-GAL4,
will lead to sustained expression of tsh and, therefore, to a
blockage of eye development (Manfroid et al., 2004; Singh et
al., 2002). Other drivers that are turned off after tsh expression
(i.e. MS1096, MD705, this study) will mimic the situation
found in the ME (that is, on/off), and in these cases, eye
development will proceed. We note that in experiments where
ey is ectopically expressed, eyes tend to develop in the
proximal parts of appendages (Bessa et al., 2002; Chen et al.,
1999; Halder et al., 1998) (J.B. and F.C., unpublished) which
derive from tsh-expressing domains in their respective
imaginal discs (Azpiazu and Morata, 2000; Casares and Mann,
2000; Wu and Cohen, 2002). This correlation reinforces the
idea of tsh as a potential eye-competence factor.

Multiple roles of tsh during eye disc development
Several studies have uncovered at least three roles for tsh
during eye development: promoting proliferation (Bessa et al.,
2002; Singh et al., 2002), acting as an eye repressor (Bessa et
al., 2002; Singh et al., 2002) and acting as an eye inducer (Pan
and Rubin, 1998; Singh et al., 2002; Singh et al., 2004). The
first two roles (proliferation and eye repression) are linked to
the function of the transcription factor Hth (Singh et al., 2002;
Bessa et al., 2002). Thus, Tsh and Hth (together with Ey)
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Fig. 6. Reduction of tsh function results in small eyes. (A,B) Lateral
views of (A) wild-type and (B) ey-GAL4; arm-GAL4/UAS-tshRNAi
adult heads. (C-F) Clones expressing tshRNAi, positively marked
with lacZ (blue) and Tsh (green). (C,D) Late L3 disc showing
autonomous loss of Tsh-immunoreactivity (arrows). (E,F) Close up
of a dorsal clone in which cells have different levels of Tsh
immunoreactivity: none (arrow) or normal (arrowhead).
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tsh in eye primordium specification

maintain the eye disc cells in a proliferative, undifferentiated
state, which is incompatible with eye differentiation (Bessa et
al., 2002; Singh et al., 2002). This state is kept as long as cells
express hth, which is positively regulated by wg (Pichaud and
Casares, 2000; Baonza and Freeman, 2002; Lee and Treisman,
2001; Singh et al., 2002) and repressed by dpp (Bessa et al.,
2002). As tsh keeps hth on, sustaining tsh expression
artificially in the disc blocks further eye differentiation (Singh
et al., 2002; Bessa et al., 2002) (this work). Once hth is
repressed by Dpp signaling close to the MF, cells enter a
preproneural state, that still maintains tsh expression, in which
dpp activates the expression of retinal genes such as eya. Our
results suggest that tsh is required for the eye-specific
interpretation of Wg and Dpp signals, and therefore for both
the maintenance of proliferation and the specification of the
retina. This model thus predicts that removal of the earliest tsh
function (which corresponds to the most anterior regions in
older discs) should result in eye loss due to either lack
of proliferation or to the incorrect specification of the
primordium; removal of later tsh function (which corresponds
to more posterior regions of older discs) should cause a
premature derepression of the eye differentiation program and
excess of eye. In fact, Singh and co-workers (Singh et al., 2002)
have described both phenotypes in tsh loss-of-function clones:
eye loss and eye overgrowths. Our experiments, in which tsh
function is reduced uniformly from early stages of eye
development, agrees with an early role of tsh in eye
specification and/or proliferation. This model of tsh function is
further complicated by the fact that the dorsoventral genes also
impinge on tsh function (Singh et al., 2004). Still, some tsh–
clones showed no phenotype (Pan and Rubin, 1998; Singh et
al., 2002). This might be explained by perdurance of the Tsh
product, local differences in the requirement of tsh within the
eye disc or the existence of compensatory functions.

tsh acts in parallel to ey in the eye-specification
gene network
toy and ey lay atop the eye specification genetic network in
Drosophila. However, neither Toy nor Ey is able to activate the
expression of tsh in the PE (Fig. 2E), and tsh expression in
maintained in ey mutant discs (not shown). The reverse is also
true, as tsh upregulates ey expression in the eye disc (Bessa et
al., 2002; Pan and Rubin, 1998), but is unable to activate its
expression de novo in any other disc. This indicates that tsh
expression is regulated independently of the Pax6 genes in the
eye disc. This situation is analogous to that of Optix, a Six3
homolog, which is expressed in the eye disc independently of
ey with a pattern reminiscent of that of tsh (Seimiya and
Gehring, 2000). Nevertheless, Optix does not seem to regulate
tsh, as ectopic expression of Optix in the eye disc does not
trigger tsh expression (J.B. and F.C., unpublished). Taking into
account all these results, we propose that tsh functions in
parallel to ey (and probably to toy) as an eye competence factor.
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Chapter 3 – Supplementary Data  

 

 

 

Introduction  

 

 

As seen previously, tsh is able to direct eye disc cells towards eye fate, 

although its expression has to be transient to allow proper retinal 

differentiation. Also in tsh knockdown experiments we observe a reduction in 

eye size, phenotype that agrees with a requirement of tsh for proper eye 

development. Nevertheless this phenotype is highly variable in penetrance, 

ranging from almost no reduction of eye size, to 75% reduction of eye size. 

This high variability in the penetrance on the phenotype, together with other 

published data which report that some loss of function clones of tsh do not 

produce abnormalities in eye development (Pan and Rubin, 1998; Singh et al., 

2002) led us to hypothesize the existence of a functionally redundant gene 

capable of compensate the loss of tsh. In what follows we explore further this 

possibility. 

A recent publication characterises a new gene, tiptop (tio), that encodes 

a Tsh like zinc finger protein (Fig.1) (Laugier et al., 2005). In early embryonic 

stages tsh and tio are expressed in different regions of the embryo, being tsh 

the one expressed earlier and more broadly. In later stages (stage 14 onwards), 

both genes still maintain different expression patterns, yet they also co-localise 

in particular regions, such as the central nervous system (CNS) and in some 

cells of the epidermis, gut and Malpighian tubules. Furthermore these authors 

show that ectopic expression of tio or tsh generates similar phenotype in the 

embryo. Interestingly a tio null mutation shows no visible phenotype, resulting 

in normal viable and fertile adults. In this tio mutant condition, ectopic 

expression of tsh is detected in tissues of tio exclusive expression. Therefore 

tsh is able to compensate the absence of tio. The contrary is also observed: in 

tsh embryos, tio is expressed in the tsh domains, although this ectopic tio 

does not rescue the tsh phenotype. Still, tio compensates partially for the loss 

of tsh, as the simultaneous loss of tsh and tio gives a stronger phenotype than 

the loss of tsh alone. These experiments lead the authors to propose that tsh 



and tio are partly functionally redundant, and that they negatively regulate 

each other. Based on these results we asked if tio could also be acting in a 

partial redundant manner with tsh during larval development. To answer this 

question we have compared their relative expression patterns, their functional 

properties (focusing on eye development) and tested their possible cross-

regulation 

We show here that both genes tio and tsh share similar expression 

patterns during larval stages. Also when ectopically expressed both genes are 

able to reproduce similar phenotypes during larval development, such as 

ectopic eyes absent (eya) expression in the PE, and induction of ectopic eye in 

ventral head. Furthermore, ectopic expression of tio is able to rescue a tsh 

mutant condition, allowing correct differentiation of most of adult structures 

till late pupae stages, including the eye. Finally, we show evidence that both 

genes undergo negative transcriptional cross- and auto-regulation in imaginal 

discs. This regulatory mechanism might work as a homeostatic negative 

feedback loop maintaining constant levels of Tio/Tsh.  These observations lead 

us to propose that tsh and tio might share similar functions during larval 

development.  

 

 

 

Additional Materials and Methods 

 

 

Genotypes and genetic manipulations 

 

The additional strains used in this work were: The driver line dppblk-GAL4 

(Staehling-Hampton et al., 1994), the β-galactosidase reporter line hth-lacZ 

[hth06762, (Casares and Mann, 2000)], the tio null mutation tio473 (Dockendorff et 

al., 2002; Laugier et al., 2005) and the null mutation tsh8 (Fasano et al., 1991). 

The other strains used, [hsFlp122; tub>GFP, y+>GAL4], [hsFlp122; 

act>y+>GAL4, UAS-lacZ/CyO], Tsh-lacZ, tsh-GAL4 and UAS-dstsh (UAS-tshRNAi) 

were previously described in Chapter3 - Materials and Methods.  

 

 

 



Immunostaining 

 

The rat anti-Tio antibody [gift from L. Fasano and S. Kerridge, (Laugier et 

al., 2005)] was used 1:100 in a standard immunostaining protocol. 

 

 

In situ hybridization  

 

The tiptop EST clone GH27226 (BDGP) was used to synthesise a tio DIG 

labelled RNA probe. The DNA was linearized with EcoRI and the RNA probe was 

synthesised with a Sp6 polymerase [DIG RNA labelling kit, Roche  #1175025)]. 

The in situ protocol (Panganiban) is a modification of a standard procedure 

(Tautz and Pfeifle, 1989)) and was carried out after standard imaginal discs 

fixation. 

 

 

Bioinformatics 

 

The Protein-protein blast was done using a blastp algorithm from 

http://www.ncbi.nlm.nih.gov/BLAST/. Tio and Tsh proteins alignment was 

done using the Vector NTI 9.0 software. 

 

 

 

Results 

 

 

Tsh and Tio: Distribution patterns and function. 

 

The variability in penetrance of loss of tsh function experiments in the 

eye (Bessa and Casares, 2005) together with reports of lack of phenotype in 

the eye of tsh loss of function clones (Pan and Rubin, 1998; Singh et al., 2002) 

made us raise the possibility that Drosophila could have another gene 

codifying for other Tsh-like protein. Protein-protein blast (blastp algorithm) 

identifies Tiptop (Tio) as having a significant similarity with Tsh. Similar results 

were obtained and published by Laugier and co-workers (Laugier et al., 2005). 



Tsh and Tio show an overall 27% of sequence identity at the protein level. 

Protein alignment shows several highly conserved regions, in particular the 

zinc finger regions and the N terminal acidic domain (Fig.1). Interestingly Tio 

has 4 zinc fingers wile Tsh only has three, nevertheless the three zinc fingers 

of Tsh significantly match the three zinc fingers of Tio, not only in amino 

acidic sequence but also in spacing between them. 

As tio shows partial redundant functions with tsh during embryogenesis 

(Laugier et al., 2005), we decided to investigate if this was also the case during 

imaginal discs development. We first analyzed the expression pattern of tio in 

imaginal discs and compared it to that of tsh. tio transcription in L3 discs, 

assayed by mRNA in situ hybridization, is detected in the anterior domain of 

the eye disc, and in proximal domains of leg disc and wing discs (Fig.2A-C). 

 
 

Figure 1. Alignment of Drosophila melanogaster Tio and Tsh proteins: Yellow 
background marks identical correspondence in amino acids. Green background 
marks similar amino acid correspondence. Amino acids in bold red correspond 
to zinc finger regions. Both proteins present a 27% of identity. It is interesting 
to notice that this percentage of identity is considerably higher in all the zinc 
finger regions: from top to bottom, Znf 1-68%; Znf 2-84% and Znf 3-69%. 



 

Figure 3. Tio ectopic expression 
experiments A: Vertical cross section 
of a Tio ectopic expression clone 
inducing Eya (green) in the eye 
antennal imaginal disc P.E. Anti Tio 
staining (red) marks the clone. Hth 
staining (blue) allows the detection of 
the PE. Arrowheads mark the Eya 
ectopic expression in the PE. B and C: 
Ectopic eye induction generated by 
ectopic expression of Tio (B) and Tsh 
(C) using the dppblk GAL4 driver line  

Figure 2. Expression pattern of tio and tsh in eye (left column), wing 
(middle column) and leg (right column) L3 imaginal discs. A-C: In situ 
hybridization for tio transcript. D-F: Tio protein distribution using an anti 
Tio antibody. G-I: Tsh protein distribution using an anti Tsh antibody.  
 



This expression is very similar to that of tsh (Fasano et al., 1991). When co-

localization studies were performed using antibodies against Tsh (Wu and 

Cohen, 2000) and Tio, we observed that both proteins were co-expressed 

(Fig.2D-I). The coincidence of tsh and tio expression domains in imaginal discs 

contrasts with their expression in the embryo, where both genes show, in 

addition to overlapping domains, gene specific ones.  

In order to test whether tio is functionally similar to tsh we ectopically 

expressed tio using the dppblk-GAL4 driver line, knowing that a similar ectopic 

expression of tsh generates ectopic eyes in the ventral head (Pan and Rubin, 

1998). Indeed, dppblk-GAL4; UAS-tio flies also develop ectopic eyes in the 

ventral head region (Fig.3B and C). Furthermore, similar to tsh (Bessa and 

Casares, 2005) expression of tio  in the eye disc PE induces the expression of 

eya (Fig.3A). 

Another functional property of tsh is its ability to maintain Hth in the 

pre-proneural domain (ppn) of the eye disc, when ectopically expressed (Bessa 

et al., 2002). In order to determine if tio is able to mimic this phenotype we 

generated ectopic clones of tio, and found that that Hth is autonomously 

maintained in the anterior ppn region of the eye disc, similar to when tsh is 

ectopically expressed (Fig.4A-D). In these same experiments we also found that 

tio ability to maintain Hth expression is not only restricted to the eye disc, but 

it also happens in other regions where hth expression is downregulated, such 

as in the distal antenna and the distal regions of wing and leg discs (Fig.4F-Q). 

Interestingly, we found that the ectopic expression of tio maintains Hth 

protein, but not hth transcription, as monitored by a hth-LacZ enhancer trap 

(see materials and methods (Fig.4)). Furthermore, nuclear Extradenticle (Exd) 

was always associated with this Hth maintenance (Fig.4R-T). Since there is no 

published information relative to the level at which tsh maintains hth 

expression, we performed similar experiments to the ones referred above, but 

now inducing ectopic tsh-expressing clones in a hth-lacZ background. In these 

experiments, tsh ectopic expression is able to maintain Hth protein without 

inducing hth transcription (Fig.5A-H). Despite the ability of tsh and tio to 

maintain Hth expression, knocking down tsh in clones expressing ds-tsh (RNAi) 

does not affect Hth protein levels in the anterior domain of the eye disc (Fig.5I-

M). This result might indicate that tsh does not regulate Hth levels in the eye 

disc. Alternatively, as we will discuss later on, it might be that tio alone suffices 

to perform tsh functions. 



 

 
 
Figure  4. Tio ectopic expression clones in the eye (A-D and R-U) and antenna (E-H) 
regions of the eye-antennal imaginal disc, wing (I-M) and leg (N-Q) imaginal discs. 
A-Q: Ectopic Tio (red) maintains Hth (blue) in regions where hth transcription is not 
present (transcription is observed trough the activity of an hth β-Galactosidase 
reporter line, Blue) in the eye-antennal (A-D eye; E-H antenna), wing (I-M) and leg 
(N-Q) imaginal discs. R-U: Exd (blue) is always observed associated to Hth (green) 
in ectopic clones of tio, marked by the absence of Cd2 (red). 
 



In order to test if tio can rescue a 

loss of tsh phenotype, we have ectopically 

expressed tio with an UAS-tio in the 

following tsh mutant background: tsh-

GAL4 (strong hypomorph)/tsh 8 (null 

mutant). The lethal embryonic phenotype, 

characteristic of this heteroallelic tsh 

mutant background was rescued and 

individuals were able to grow until pupa 

stage. Although these pupae present mild 

defects in proximal segments of the legs, 

in the notum and in the abdomen, the eye 

did not present significant defects (Fig.6).  

 

 

 
Figure 5. Ectopic tsh clones, marked by absence of GFP (green) in the antenna 
of the eye antennal imaginal in a hth-lacZ background (A-D) disc and in the 
wing imaginal disc (E-H) maintain Hth (blue) in regions where its transcription, 
monitored by the expression of ß-galactosidase from the hth-lacZ reporter 
(red), is not present. In ectopic clones of a UAS-dstsh (I-M) it is possible to 
observe a decrease of Tsh levels (green) yet, despite this Tsh decrease, hth 
transcription (red) and protein (blue) levels do not suffer a significant 
variation. 

 
Figure 6. Rescue of a tsh 
embryonic lethal phenotype by tio 
ectopic expression. Genotype: 
tsh8/tsh-GAL4; UAS-tio. 



tio and tsh might be engaged in a negative auto- and cross-regulatory 

feedback loop. 

 

Interestingly, the genotypes tsh-GAL4 UAS-tio or tsh-GAL4 UAS-tsh were 

never viable, inducing lethality before pupal stages. This observation suggests 

that Tsh and/or Tio levels are critical for normal development. Therefore we 

would predict that the total amount of Tio and Tsh present in a cell should be 

tightly regulated.  

If two proteins with redundant functions need to be present within 

certain concentration levels to ensure proper function, it might be that the 

transcription of both genes is cross-regulated. That is, the transcription levels 

 
Figure 7. Ectopic expression of tio or tsh repress each other. A-M: Ectopic 
expression of tio (red) represses tsh expression, observed trough a β-
Galactosidase reporter line  (blue), and is also accompanied by a decrease in 
Tsh protein levels (green) in the eye (A-D), wing (E-H) and leg (I-M) imaginal 
discs. N-Q: Ectopic expression of tsh (green) using a dppblk-GAL4 driver line is 
able to repress tio expression (red) in the notun region of the wing imaginal 
disc, place where both genes are normally co expressed. 
 



of one gene might decrease in response to the increase in protein levels 

encoded by the other gene, and vice versa. Results showing that tsh and tio 

negatively regulate each other during embryogenesis (Laugier et al., 2005) 

support the possibility that these genes regulate each other transcription in 

imaginal discs as well. In order to test this possibility in larval stages we have 

generated clones of ectopic expression of tio and analyzed tsh transcription, 

using a tsh-Z reporter line, and protein levels, using an anti-Tsh antibody. Here 

we observe that tsh transcription is down regulated together with protein 

levels to almost undetectable amounts in the eye, wing and leg imaginal discs 

(Fig.7). Furthermore ectopic tsh expression in the AP border of the wing disc 

using a dppblk-GAL4 driver line is able to down regulate Tio (Fig.7). On the other 

hand loss of Tsh induced by ectopic expression of a tsh RNAi resulted in an 

autonomously increase of Tio levels in the eye and wing discs (Fig.8). These 

results indicate that tio and tsh have the potential to negatively regulate each 

other. 

 Since tio and tsh regulate each other transcriptionally, and taking into 

account their molecular similarity, it is also likely that each of these genes 

auto-regulates its own expression levels. We tested this point for tsh loss- and 

gain-of-function clones (Figs.10 and 9) in a tsh-lacZ background. tsh-lacZ 

expression is upregulated in tsh-knock down clones (Fig.9), while ectopic tsh 

expression causes the downregulation of tsh-lacZ (Fig.10), confirming that tsh 

expression is controlled by a negative feedback loop.  

 
Figure 8. Ectopic clones of dstsh. A decrease in Tsh (blue) levels  generated 
by ectopic expression of UAS-dstsh in clones, marked by absence of Cd2 
(red), is generally accompanied by an increase in Tio (green) levels in eye-
antennal (A-D) and wing (E-H) imaginal discs. 



 
Figure 9. Ectopic clones of Tsh. The increase in Tsh levels in these clones, marked 
by absence of GFP (green), represses tsh endogenous transcription monitored by 
the ß-galactosidase expression from the tsh-lacZ reporter line (red), yet Hth (blue) 
is still maintained at the endogenous levels. (A-D) shows a clone in the eye 
antennal imaginal disc and (E-H) a clone in the wing imaginal disc. In both cases 
tsh transcription is decreased to undetectable levels.  
 
 

 
Figure 10. Ectopic clones of dstsh. A decrease in Tsh (green) levels generated by 
ectopic expression of UAS-dstsh in clones induces a slight increase in the 
endogenous tsh transcription levels (red), yet Hth level are still maintained similar 
to the endogenous ones. This effect is observed in the eye (A-C), wing (D-F) and leg 
(G-I) imaginal discs  



 

Discussion  

 

 

Zinc finger proteins have small peptide domains with special secondary 

structure stabilized by a zinc ion. These small peptides are called zing fingers, 

and are well known for having the ability for binding to other molecules. Zinc 

fingers are classically associated to DNA binding (Iuchi, 2001), although they 

are also able to bind to other molecules as RNA (Brown, 2005; Iuchi, 2001) and 

other proteins (Iuchi, 2001; Mackay and Crossley, 1998). The binding 

specificity of a zinc finger depends generally on three factors: the amino acidic 

sequence of the zinc fingers, the clustering and organization of those and 

finally the linker sequence that separate zinc fingers of a cluster. Tio and Tsh 

share a considerable homology on these three factors, in their C-terminal zinc 

fingers, which is suggestive of a similar biological function. In addition, we 

show here that tsh and tio have coincident patterns of expression during 

imaginal disc development. 

In this regard, over expression of tio within the tsh domain is able to 

rescue the embryonic lethality of a strong hypomorphic tsh mutant condition, 

allowing the survival of individuals till late pupa stages. Still, most of the 

external adult structures differentiate properly in these pharates, including the 

eye. Also, since the transcriptional levels of tsh and tio might be important to 

maintain their proper function, the use of a GAL4/UAS system (Brand and 

Perrimon, 1993) to rescue the absence of tsh is a rather coarse approach and 

full rescue is not expected. This result indicates that tio is functional equivalent 

to tsh in most, if not all, of its roles. In agreement with the hypothesis that tio 

and tsh could share similar functions, the ectopic expression of tio or tsh, 

generate similar phenotypes, inducing ectopic eyes in the ventral region of the 

head. In addition, both proteins maintain Hth protein in region where its 

transcription is already turned off and induce ectopic expression of eya. Since 

we showed previously that Tsh and Hth have the potential to interact directly 

(Bessa et al., 2002), the perdurance of Hth protein might be the result of a its 

stabilization through its interaction with Tsh. Tio, due to its sequence and 

functional similarity with Tsh might also be interacting with Hth. Nevertheless, 

in wild type discs hth transcription and protein expression coincide, at the 

level of resolution of our experiments. 



The overlapping expression patterns of tio and tsh and their functional 

equivalence could explain on one hand the absence of phenotype in some 

larval loss of function clones of tsh (Pan and Rubin, 1998; Singh et al., 2002), 

and, on the other, the lack of phenotype in tio mutants, at least during larval 

stages.  

tsh and tio function also might depend on a tight regulation of their 

protein levels. This hypothesis is supported by experiments in which the 

increase in tsh or tio expression in the tsh-expression domain (using a tsh-

GAL4 driver) results in embryonic lethality. These high levels cause the 

maintenance of Hth in the PPN domain of the eye disc ((Bessa et al., 2002) and 

this work), where normally tsh and tio are expressed, but not hth. We propose 

that one major mechanism to maintain Tio and Tsh levels is their mutual 

transcriptional repression. Consequently, if the total tsh/tio function is to be 

maintained within tight limits, one might expect a regulatory mechanism of 

expression that adjusts the total protein amount. This compensation 

mechanism seems to be at work during imaginal disc development, and the 

levelling of the total amount of Tsh/Tio protein be accomplished by negative 

cross and auto regulatory negative feedback loops of expression. The fact that 

tsh knockdown clones do not induce a decrease in the Hth levels, even if 

ectopic expression of tsh or tio is able to maintain Hth, can be explained if loss 

of tsh is compensated by an increase in tio. This seems to illustrate two 

mechanisms that are possibly underlying the robustness of Tio/Tsh function. 

On one hand Tio/Tsh might represent a fail-safe mechanism commonly 

observed in cases of functional redundancy (Kitano, 2004). In the other hand 

negative feedback loops, as the ones existent in tio/tsh, are commonly 

associated to mechanisms of molecular noise reduction, able to reduce the 

fluctuations in gene products (Kaern et al., 2005). This could be a possible 

explanation to understand why tio remains conserved in Drosophila although 

being apparently dispensable, at least under laboratory conditions. The 

Tio/Tsh robustness might represent a subtle positive effect at, for example, 

the population level or in the wild, being its imaginal expression positively 

selected. An alternative possibility is devised knowing that tsh and tio are 

paralogues most likely originated by gene duplication (Laugier et al., 2005), 

being located on the same chromosomal arm at 180kb of distance. 

Consequently they might share imaginal enhancers what could force keeping 

the same expression pattern for both genes in imaginal discs.  
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Chapter IV 

 

 

 

meis1 regulates cyclinD1 and 

c-myc expression and controls 

the proliferation of the 

multipotent cells in the 

developing zebrafish eye. 

 

 

 

The discovery that many of the 

homologues of the Drosophila ERGs, including 

Pax6/ey, are expressed and required for eye 

development in many animal groups (Maas, 

2002) has led to the notion that core factors in 

eye development are conserved even in distant 

related species. In chapter 2 we have found 

that Hth, together with Ey and Tsh, is involved 

in the maintenance of a proliferative “eye 

competent” cell state during Drosophila eye 

development. Here, in chapter 4, we aim to 

understand the role of the hth vertebrate 

homologues, the meis genes, in vertebrate eye 

development using the zebrafish as a model 

system.  
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Summary 

 

 

During eye development retinal progenitors are drawn from a 

multipotent, proliferative cell population. In Drosophila the maintenance of this 

cell population requires the function of the TALE-homeodomain transcription 

factor hth, although its mechanisms of action are still unknown. Here we 

investigate whether members of the Meis gene family, the vertebrate 

homologues of hth, are also involved in early stages of eye development in the 

zebrafish. We show that meis1 is expressed throughout the eye primordium 

before the onset of retinal differentiation, to later become restricted to the 

ciliary margin, where the retinal stem population resides. Knocking down 

meis1function through morpholino injections causes a delay in the cell cycle 

G1 to S phase transition of retinal cells, and results in severely reduced eyes. 

This role in cell cycle control is mediated by meis1 regulating cyclinD1 and c-

myc transcription.  The forced maintenance of meis1 expression in cell clones 

is incompatible with the normal differentiation of the meis-expressing cells, 

which in turn tend to reside in undifferentiated regions of the retinal 

neuroepithelium, such as the ciliary margin. All these results point to an 

evolutionary conserved function for hth/meis genes in the maintenance of the 

proliferative, multipotent cell state during eye development, and show that a 

major role of these genes is to control proliferation through the regulation of 

key cell cycle regulatory genes. 

 

 

 

Introduction 

 

 

During the development of the eye, in both vertebrates and 

invertebrates, neural progenitors derive from multipotent and proliferative 

cells (reviewed in Chow and Lang 2001; Dominguez and Casares 2005). In the 

Drosophila eye primordium, the TALE-class homeodomain transcription factor 

homothorax (hth) is expressed in this multipotent population, where it is 

required to maintain these cells in a proliferative state and to prevent their 



   

premature differentiation (Pai et al. 1998; Pichaud and Casares 2000; Bessa et 

al. 2002). The homologues of hth in vertebrates are the Meis and Prep gene 

families (reviewed in Burglin 1997; Moens and Selleri 2006). While the 

expression of Prep genes is widespread in mice and zebrafish, Meis genes 

show specific transcription patterns in vertebrates, including expression in the 

developing eye (Ferretti et al. 1999; Toresson et al. 2000; Waskiewicz et al. 

2001; Maeda et al. 2002; Zhang et al. 2002; Hisa et al. 2004).  

Recent work points to a role for Meis genes in eye development: Meis1 

and Meis2 are upstream regulators of Pax6 in the developing lens in chicken 

and mouse (Zhang et al. 2002), and mouse embryos homozygous for a 

homeodomain-less Meis1 gene show eye malformations, including duplicated 

retinas and smaller lenses (Hisa et al. 2004). Still, the precise role(s) played by 

Meis genes during eye development remain(s) unknown. If the parallels in early 

eye development between flies and vertebrates hold true also for hth/Meis, one 

would expect Meis genes to be involved in stimulating proliferation, or 

preventing premature differentiation in the optic primordium, or both. Here we 

investigate these hypotheses in the zebrafish (Danio rerio).  

 

 

 

Materials and Methods 

 

 

Probe preparation, in situ hybridization and immunolabeling. 

 

Antisense RNA probes were prepared from cDNAs and labeled with 

digoxigenin. Specimens were fixed, hybridized and stained as described (Tena 

et al., 2007).  

 

 

Fluorescent probes and antibodies 

 

Propidium iodide was used as nuclear stain; FITC-Phalloidin to mark 

filamentous actin; anti-Islet1 mouse monoclonal antibody labels GCL (36hpf) 

and GCL plus INL (48-72hpf) (from DSHB, University of Iowa); rabbit anti-GFP 

(A11122-Molecular Probes), mouse anti-Myc (MMS 150P-Covance), mouse anti-



   

cleaved Caspase 3 (Cell Signaling Technology, Inc.). Fluorescent secondary 

antibodies were from Molecular Probes. Dissected eyes from stained embryos 

were imaged using a Leica-SP2 confocal system, and data processed with 

Adobe Photoshop. 

 

 

In vitro RNA synthesis, and microinjection of mRNA and morpholinos. 

 

cDNAs were linearized and transcribed as in (Tena et al., 2007). 1-2 cell 

stage zebrafish embryos were injected in the yolk with mRNA and/or 

morpholino diluted in 5 nl approximately of injection solution (10% phenol red 

in DEPC-treated water). 

Morpholinos (MOs) targeting the ATG region of meis1, meis2.2, meis3 

and meis4 mRNAs were synthesized by GeneTools. Sequences of MOs and their 

alignment with meis target sequences are shown in Suppl. Fig. 1A. We verified 

the target specificity of meis1- and meis2.2-MOs in Xenopus laevis assays 

(Suppl. Fig 1B), and the biological specificity of meis1-MO by testing its ability 

to reduce the rhombomere-3 expression of krox20  (Suppl. Fig.  2). 

As controls, we injected similar amounts (8-16 ng) of a control MO 

directed against the Xenopus tropicalis olig2 gene that shows no match in the 

zebrafish genome (Suppl. Fig. 2). meis3-MO, which has nine and seven 

mismatches with meis1 and meis2.2, respectively, also served as control-MO in 

some experiments. 

 

 

Plasmid constructs details  

 

Can be found as Supplemental Methods.  

 

 

Acridine Orange Staining.  

 

Was performed as in (Perkins et al., 2005) . 

 

 

 



   

DNA content analysis and flow cytometry. 

 

Eyes dissected from 19 hpf zebrafish embryos were disaggregated, and 

PI staining carried out as in (Langenau, et al. 2003). DNA-content was analyzed 

on a BD FACSAria and results processed with FloJo (Tree Star, Inc.) software. 

 

 

meis1-YFP enhancer trap.  

 

The insertion is a retroviral vector containing a Gata2 basal promoter 

upstream of a YFP reporter cassette (Laplante et al., 2006). It is located 1.707 

bp downstream of the last exon of meis1 (chr13) and inserted in the same 

transcriptional direction. 

 

 

Induction of ectopic expression mosaics.  

 

We used the Tol2 transposon/transposase method of transgenesis 

(Kawakami et al., 2004) with minor modifications. 4-16 cell stage zebrafish 

embryos were injected in the yolk with 5-12,5 pg of either Tol2-GFP-meis1 or 

Tol2-GFP constructs, plus 125 pg of Transposase-encoding mRNA in a final 

volume of 5nl of injection solution. Embryos were cultured at 28,5ºC, staged 

and fixed. Anti-GFP antibody was used to detect the GFP- or GFP-meis1-

expressing clones. 

 



   

 

Results and Discussion 

 

 

meis1 expression is restricted to the undifferentiated and proliferating 

cells of the zebrafish developing eye 

 

Of all five zebrafish meis genes (meis1, 2.1, 2.2, 3 and 4.1), only meis1 

and meis2.2 are expressed during early stages of eye development (Kudoh et 

al. 2001; Waskiewicz et al. 2001; Zerucha and Prince 2001; Thisse and Thisse 

2005; this work). meis1, as monitored by in situ hybridization, or by a YFP 

insertional reporter inserted close to meis1, is uniformly transcribed in the eye 

primordium from 16 to about 24 hours after fertilization (hpf) (Fig. 1A and 

Suppl. Fig. 3), a period in which all cells proliferate asynchronously with a long 

cell cycle (Li et al., 2000). After this time, meis1 expression progressively 

retracts in the retina (Fig. 1B-D) following the neurogenic wave that, marked by 

ath5 expression (Fig. 1F-H), moves form antero-nasal to posterior-temporal 

positions of the retina (Hu and Easter 1999; Li et al., 2000; Masai et al. 2000). 

meis1 remains expressed in the peripheral retina (Fig. 1D; K, L), which 

becomes the ciliary margin zone (CMZ) once the retina is laminated (Fig. 1M). 

meis2.2 is also expressed uniformly in early eye primordia, but its expression 

fades away by 24hpf (Supp. Fig. 3). Similar to the situation found in chicken 

and mouse (Zhang et al. 2002), meis1 is expressed in the prospective lens 

ectoderm, but it is turned off as the lens placode starts to thicken (Fig. 1I, J). 

Therefore, meis1 expression is associated with undifferentiated, proliferative 

cells during the early development of the zebrafish eye. In addition, a new 

wave of Meis gene expression starts in postmitotic neurons at around 36hpf 

(Suppl. Fig. 3).  

 

 

meis1 is required to promote the G1 to S transition of the eye 

primordium cells,  and regulates the transcription of cyclinD1 and c-myc. 

 

The early expression pattern of meis1 suggests it plays a role in the 

proliferative/multipotent cells of the developing eye. To determine what role 

that is, we knocked-down meis1 with meis1-specific morpholino (meis1-MO; 



 
 
 
 

 
 
Figure1. meis1 retracts accompanying ath5 wave and becomes restricted to the 
CMZ: (A-D) meis1 and (E-H) ath5 expressions analyzed by whole mount in situ 
hybridization, or using a meis1-YFP enhancer trap line (K,L). Developmental stages 
are indicated as hours or days post fertilization (hpf or dpf) at 28,5ºC. Lateral 
views, with dorsal up and anterior to the left. The extent of meis1 (A-D) and ath5 
(E-H) expression domains, in the developing retina at different stages, is marked 
by the yellow and red lines, respectively. The eye cup is outlined by the dashed line 
in (B) and (F). By 30-36 hpf (D), meis1 expression is restricted to a small posterior 
domain but remains expressed in the peripheral retina (arrows). The arrow in (C) 
points to a diencephalic meis1 expression, and in (F) to the ath5 expression 
domain in the contralateral eye. (I, J) Vibratome sections through eye primordia 
showing weak meis1 expression in the lens ectoderm before its thickening (I) but 
no detectable signal once the lens placode is formed (J). (K) Confocal z-section 
through a meis1-YFP 30 hpf eye, showing higher expression at the margins of the 
retina (red arrowheads). (L) Frontal-lateral fluorescence image of a meis1-YFP 48 
hpf eye. The YFP signal is mostly detected at the retinal margin (red arrowhead). 
(M) High magnification of the dorsal half of a 4dpf eye (vibratome section). meis1, 
detected by in situ hybridization, is expressed in the ciliary margin (black 
arrowhead). (n): nasal; (*): ventral commissure; (le): lens; (gcl): ganglion cell layer; 
(inl): inner nuclear layer. 
 



   

Suppl. Figs. 1 and 2). When eye 

development is examined, by the 

end of embryogenesis meis1-

morphants are severely 

microphthalmic (>60% of embryos 

injected with 8 ng of meis1-MO, 

n=163) (Fig. 2A,B). The eyes from 

meis1-MO treated animals contain 

fewer cells (Figure 2C,D). Despite 

this fact, these eyes show apparently 

normal retinal lamination (Figure 

2C’,D’). The lens is normal or slightly 

reduced (Figure 2D and not shown). 

The co-expression of meis2.2 and 

meis1 during optic vesicle stages 

suggested a possible functional 

redundancy between these two 

genes. Nevertheless, injection of 

meis2.2-MO (8 ng/embryo) causes 

only mild eye reductions in 22% of 

the treated embryos (n=299). 

Furthermore, co-injection of 

equivalent amounts of meis1 and 

meis2.2 (4 ng of each MO/embryo) 

does not significantly enhance the penetrance or severity of the 

microphthalmia (29%, n=196). These results suggest that meis2.2 does not 

have a major role during early stages of eye development in the zebrafish. The 

phenotype observed in meis1 morphants does not appear to be due to an 

abnormal eye primordium specification as the early expression of pax6b and 

rx2, two early eye selector genes (Stigloher et al. 2006), seem unaffected 

(Suppl. Fig. 4 and not shown). Therefore, pax6 expression is independent of 

meis1 during the early development of the zebrafish retina. In agreement with 

this result, we find that the expression of the Pax6 gene eyeless is also 

independent of hth during the development of the Drosophila eye (Suppl. Fig. 

4). 

 
Figure 2. meis1 is required for the 
growth of the eye primordium: (A, B) 
Lateral views of 48 hpf Control-MO (A) 
and meis1-MO (B) injected fish. meis1 
morphants are microphthalmic. (C, D) 
Confocal images of dissected eyes 
stained for propidium iodide (nuclei), 
rhodamine-phalloidin (filamentous actin) 
and Islet1, which labels GCL nuclei and 
some in the INL. The reduced eyes from 
meis1 morphants (D, D’) show normal 
retina lamination, but fewer cells than 
control eyes (C, C’).  



   

To further dissect the mechanisms underlying the observed 

microphthalmia, we assessed a possible role of meis1 controlling the cell cycle. 

meis1-morphant eye cells, at 19 hpf, show a significantly higher percentage of 

cells in G0/G1 phase than control embryos (Fig. 3A,E), indicating a requirement 

for meis1 in promoting G1-S transition. Viability of these cells is not 

compromised, as meis1-morphant eyes do not show a significant increase in 

the levels of active caspase3, or in the vital incorporation of acridine orange 

(not shown). 

cyclinD1 (ccnd1) and c-myc are two major cell cycle G1 regulators in 

vertebrates (Levine and Green 2004). During the development of the zebrafish 

 
 
Figure 3. meis1 is required for the G1-S transition and the expression of the 
G1-S regulators cyclinD1 and c-myc: (A-D) Histograms displaying DNA content 
(cell cycle profile) of cells from dissected 19 hpf-eyes of meis1-MO treated 
embryos relative to (A) controls (Crtl-MO), (B) meis1-MO + GFP-meis1 mRNA, (C) 
meis1-MO + cycD1 mRNA, and (D) meis1-MO + c-myc mRNA injected embryos. 
Number of replicates (n) is indicated. meis1 knock-down induces a delay in G1, 
which is partially rescued by coinjection of meis1 (GFP-meis1,B), cyclinD1 (C) 
and c-myc (D) mRNAs. (E) Average percentages are shown for G1, S and G2/M 
DNA content. (F-I) In situ analysis of cyclinD1 and c-myc transcription in control 
(F, H) and meis1 morphants (G, I), at 19 hpf. meis1 morphants show a dramatic 
reduction of cyclinD1 and c-myc in the eye (read arrowheads). cyclinD1 and c-
myc signal is still detected in other body regions, such as the neural tube (black 
arrowheads). Hybridization and reaction development were performed strictly 
in parallel. Representative embryos are shown. 



   

eye, cyclinD1 and c-myc are first widely expressed in the optic vesicle, followed 

by a progressive restriction to the proliferating cells of the neural retina and 

later to the CMZ (Thisse and Thisse 2005; Yamaguchi et al. 2005), a pattern 

that is reminiscent of that of meis1. In addition, recent work shows that 

cyclinD1 is required for proliferation in the zebrafish’s developing retina, as 

cyclinD1 morphants are microphthalmic (Duffy et al. 2005). The similarity 

between the patterns of expression of meis1, cyclinD1 and c-myc, and the 

similar eye phenotypes of cyclinD1 and meis1 morphants prompted us to ask 

whether cyclinD1 and c-myc were under meis1 control. Indeed, meis1 

morphants show a dramatic reduction of cyclinD1 and c-myc expression in the 

eye when compared to control-injected embryos (Fig. 3F-I). In addition, the 

coinjection of either cyclinD1 or c-myc mRNAs partially rescues the cell cycle 

defects of meis1 morphants to levels similar to those obtained by coinjection 

of GFP-meis1 mRNA (Fig. 3B-D; E). These results place cyclinD1 and c-myc 

functionally downstream of meis1 in the control of cell cycle progression in the 

developing eye.  

 

 

Maintenance of meis1 expression is incompatible with cell 

differentiation. 

 

In Drosophila, not only hth maintains cells in a proliferative state, but its 

forced expression results in a delay or block of retinal differentiation (Pai et al., 

1998; Pichaud and Casares, 2000; Bessa et al. 2002). Similarly, in the early 

zebrafish eye, meis1 expression is found in undifferentiated cells and absent 

from the differentiating neuroepithelium (Fig. 1). To test whether meis1 also 

has the ability to repress retinal differentiation, we generated clones of cells 

expressing a GFP-tagged meis1. The distribution of the GFP-meis1 clones 

within the neuroepithelium relative to islet1, a marker of ganglionar neurons, 

was analyzed and compared to the distribution of GFP-expressing control 

clones. At 24hpf, when most of the neuroepithelium is undifferentiated, both 

GFP- and GFP-meis1-expressing cells can be found in the central as well as 

peripheral regions (Fig. 4C and not shown). However, in older retinas most 

GFP-meis1 cells are restricted to the periphery, where most retinal cells are still 

undifferentiated. When GFP-meis1 cells are detected in central regions, they do 

not express islet1 and are found in the CMZ (Fig. 4D,E). On the contrary, 



   

similar stage clones expressing just GFP do span both peripheral and central 

retina, and the GFP-cells in the latter do express islet1 (Fig. 4A,B). Together, 

these results indicate that when meis1 expression is maintained, cells do not 

undergo neuronal differentiation, at least during the period we have examined. 

Instead, these cells either only survive in the CMZ or, alternatively, relocate to 

the CMZ.  

Our results indicate that, during eye development, meis1 shares two 

roles with its fly homologue, hth: First, meis1 participates in the control of 

proliferation of early retinal cells by promoting the G1-to-S transition of the cell 

cycle. Mechanistically, meis1 regulates the transcription of at least two potent 

cell-cycle activators: cyclinD1 and c-myc. Second, meis1 expression is lost 

progressively in areas where differentiation is taking place. This finding is in 

accordance with a model in which the expression of meis1 has to be down-

regulated to allow further differentiation of the retina, and agrees with our 

results that the sustained expression of meis1 is incompatible with neural 

 
Figure 4. Clonal overerexpression of meis1 in the developing eye prevents 
differentiation and results in cell sorting: (A, B) GFP-expressing or (C-E) GFP-
meis1-expressing clones induced genetically in developing eyes. At 48 hpf, 
GFP-expressing clones comprise columns of cells that span the entire width of 
the neuroepithelium (A, B) and therefore overlap with Islet1-positive ganglion 
neurons. The overlap is more clearly seen in the confocal z-section of the eye 
(A’) and in the close-up view (B’). At (or prior to) 30 hpf (C) we detect GFP-meis1 
cells throughout the neuroepithelium, including clones spanning its whole 
width (arrowhead). (D, D’) Two confocal planes of a later stage (48 hpf) eye. (D) 
meis1-GFP-expressing cells localize to the peripheral retina but do not span the 
Islet1-positive region. (D’) GFP-meis1 cells in the central retina localize to the 
Islet1-negative ciliary margin zone. (E) A high magnification z-section of a 
different eye, showing the marginal location of the GFP-meis1-expressing cells. 
The GFP-meis1 protein is nuclear (nuclei are counterstained with propidium-
iodide in C-E). More than 20 clones we analyzed for each experiment. 



   

differentiation. Although retinal lamination in meis1 morphants is not grossly 

affected, we cannot rule out specific effects on the differentiation of specific 

retinal cell types. In Drosophila the advancing atonal-expressing differentiation 

wave is complementary to the retraction of hth expression. Similarly, the 

dynamics of meis1 expression does follow the spreading wave of ath5. This 

fact suggests that during fish retinal development, entering a differentiation-

permissive state, characterized by loss of meis1 expression, and the 

subsequent acquisition of the proneural fate are controlled in a coordinated 

manner.   

The expression of meis1 in the CMZ, and the fact that forcing meis1 

expression results in the localization of the expressing cells to the CMZ, 

suggest that meis1 function may extend during the adult life to the retinal 

stem cells of zebrafish. In this regard, it is interesting to note that meis1 

expression reminisces that of Pax6, which is expressed widespread in early eye 

cells to later become expressed and required in the stem cell compartment 

(Raymond et al., 2006. Reviewed in Amato et al. 2004). Previous results in 

Drosophila showed that hth and eyeless are co-expressed in the 

undifferentiated domain and that their products might directly interact in vivo 

(Bessa et al. 2002). All these results may indicate that a common molecular 

mechanism to maintain a multipotent stem-like state exists during eye 

development in vertebrates and invertebrates.  

In addition to controlling several developmental processes, Meis genes 

are overexpressed in a number of cancer types, including leukemias, 

neuroblastomas and kidney tumors (Lawrence et al. 1999; Segal et al. 2004; 

Geerts et al. 2005; Dekel et al. 2006). Therefore, the identification of 

functional targets of the Meis genes involved in the maintenance of the 

undifferentiated and proliferative state during normal development, such as 

cyclinD1 and c-myc, is likely to be instrumental in deciphering the mechanisms 

underlying Meis-associated tumors.  
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Supplementary figures 
 

 

 
 
Supplementary figure 1: Morpholino sequences, targets and specificity assay in 
Xenopus. (A) Alignment of meis sequences around the ATG (underlined). 
Morpholino (targeted) sequences are shadowed in gray. The control mopholino 
used in this paper (Ctrl-MO) was originally designed to target the ATG region of 
Xenopus tropicalis Olig2. It does not target any ATG in the zebrafish genome. (B) 
Mismatches between meis1, meis2.2 and meis3 morpholinos (MO) and the ATG 
regions of non-target Meis genes. All but one have five or more mismatches, which 
should prevent cross-targeting. The exception is meis2.2-MO, which might cross-
target meis4. This fact did not interfere in our analysis since meis4 is not 
expressed in the developing eye. meis3-MO, which has nine and seven mismatches 
with meis1 and Meis2.2, respectively, is included here as it also served as control-
MO in some experiments. (C-F) Specificity assay in Xenopus embryos. meis1 and 
meis2.2 mRNAs, carrying a C-terminal c-myc tag (meis1-Myc and meis2.2-Myc) 
(10ng), were coinjected with either meis1 or Meis2.2 MOs (1ng) in two-celled 
Xenopus laevis embryos. After injection (n>50 per experiment), Xenopus embryos 
were allowed to develop for 24 hrs at 18º C, fixed and immunostained to detect 
the Myc-tag (as in Tena et al., 2007). Effective targeting results in the block of 
mRNA translation and no production of the Myc-tagged protein. Each MO blocks 
the translation of only its specific mRNA (C, F; absence of nuclear Myc staining). 
Accordingly, meis1-MO is unable to block meis2.2-Myc translation, as MEIS2.2-
MO.2 is incapable of blocking that of meis1-Myc (B, E; presence of nuclear Myc 
staining, brown). 
 



   

 

 

 

 

 

 

 
Supplementary figure 2: meis1-MO injection reduces rhombomere 3 krox20 
expression specifically. (A) Ctrl-MO has no effect on krox20 expression in 
rhombomeres 3 (r3) or 5 (r5). (B) meis1-MO embryos show a specific reduction of 
r3 krox20 expression. (C) Injection of a meis1, 2.2, 3 and 4 MO cocktail results in 
an even stronger inhibition of r3 krox20 expression. This effect is partially rescued 
by injection of GFP-meis1 mRNA (meis1GFP) (D, black arrows). GFP-meis1 is 
insensitive to meis1-MO, since the N-terminal tagging of meis1 with GFP destroys 
the meis1-MO target sequence in the GFP-meis1 mRNA. These results phenocopy 
the reported effect on r3 krox20 expression caused by injection of a dominant-
negative Meis form (Waskiewicz et al. 2001) and thus confirm the biological 
specificity of the meis mopholinos used in this study. 
 

 

 

 

 

 



   

 

 

 

Supplementary figure 3. Expression of meis1, meis2.2 and meis2.1 during early 
eye development: (A-H) Dorsal views of flat-mounted embryos. meis1 and meis2.2 
are expressed uniformly throughout the optic vesicle (A, E) and early stage optic 
cup (B, F). After this developmental time point, meis2.2 expression fades (G, H), 
while meis1 becomes progressively restricted to the peripheral retina (C, D). Inset 
in (B) is a flat mount of a 16 hpf meis1-YFP showing uniform YFP signal in the optic 
vesicle, which recapitulates meis1 expression at this stage. (I-K, M-O) Lateral views 
of whole mount embryos. meis2.1 (I-L) and meis2.2 (M-P) are not expressed in the 
eye (empty arrowheads) at 24-36 hpf (I, M). Both genes begin to be expressed in a 
central patch of the neural retina at about 33-36 hpf (J, N) that becomes a thin rim 
of cells by 33-36 hpf (K, O). (L-P) 40 μm vibratome sections of gelatin-embedded 
embryos show that, at this stage, meis2.1 and meis2.2 are expressed in the INL. 
Arrowheads indicate expression detected by in situ hybridization. hpf: hours post 
fertilization at 28,5ºC.  

 
 

 

 

 

 

 

 



   

 

 

 

 

 

 

Supplementary figure 4: Loss of meis/hth genes function does not alter Pax6/ey 
expression. (A, B) Pax6b, detected at 20 hpf by in situ hybridization, is expressed 
at similar levels in both Control-MO (A) and meis1-MO (B) injected embryos, 
despite the already noticeable reduction of the eye primordium in meis1-
morphants. We have noticed, though, a consistent reduction of Pax6b expression 
in the lens of meis1 morphants.  (C, D) Drosophila late third larval stage eye disc 
containing clones of cells mutant for a strong hth hypomorphic allele, hthP2. The 
clones are marked by the absence of CD2 (clones are outlined in D). ey expression 
remains unaltered in hth-mutant cells. hth- clones were induced between 48-72h 
after egg laying by a 20 minute 37ºC heat-shock on larvae resulting from the cross 
of FRT82B hthP2/TM2 males to yw hsFLP 122;FTR82B hsCD2 y+ M/TM2 females  (as 
in Pichaud and Casares, 2000). Expression of CD2 was induced by a 30 minute 
heat-shock at 37ºC, 30 minutes prior to dissecting wandering third instar larvae. 
Mouse anti-CD2 is from Serotec, and rabbit anti-Ey is a gift from Patrick Callaerts. 
Secondary Antibodies were from Molecular Probes. Images were acquired on a 
Leica SP2 confocal system and processed with Adobe Photoshop. 

 
 

 

 

 

 



Supplemental Methods 

 

Plasmid construction details: 

I.M.A.G.E. cDNA clones, from the Lawrence Livermore National 

Laboratory Consortium, used: ccnd1 (IMAGE: IRALp962K2356Q), cmyc (IMAGE: 

IRBOp991F125D), meis1 (IMAGE: IRAKp961C08136Q), meis2.1 (IMAGE: 

IRBOp991C0733D), meis2.2 (IMAGE: IRBOp991D0437D), meis3(IMAGE: 

IRALp962E1456Q) and meis4 (IMAGE:MPMGp609N1326Q). The pCS2-ccnd1 

construct was generated by inserting the full-length cDNA into EcoRI and XbaI 

sites of pCS2+. To generate the GFP-meis1, MT-meis1, meis1-MT, MT-meis2.2, 

meis2.2-MT, MT-meis3, meis3-MT, MT-meis4 and meis4-MT constructs, we 

PCR-amplified the corresponding meis coding regions with the following primer 

pairs:  

5´-GAATTCGATGGCGCAGAGGT-´3 and  

5´-CTCGAGCATGTAGTGCCACTGTCCC-3´ for meis1;  

5´-GAATTCGATGGCGCAAAGGTACGA-3´and  

5´-CTCGAGCATGTAGTGCCACTGGCC-3´ for meis2.2;  

5´- GAATTCCATGGATAAGAGGTATGAGGAGTT-3´ and  

5´- CTCGAGGTGGGCATGTATGTCAA-3´ for meis3;  

5´- GAATTCCATGGCGCAACGGTACGA-3´ and  

5´- CTCGAGCATGTAGTGCCACTGACTCTC-3´ for meis4.  

EcoRI and XhoI sites, in bold. The PCR fragments were subcloned in 

pGEMT-Easy (Promega) and sequenced. meis cDNAs were cloned into pCS2 MT, 

pCS2p+MTC2 or pCS2eGFP (kindly provided by D. Turner) to generate N-

terminal (Myc-meis) and C-terminal Myc-tagged meis (meis-Myc) or N-terminal 

GFP-tagged meis1 (GFP-meis1), respectively. For generating the Tol2-GFP-meis1 

and Tol2-GFP constructs, we inserted the GFP-meis1 and GFP fragments, 

respectively, into SalI and SspI sites of Tol2 (pT2KXIG). 
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Final Considerations 

 

 

The development of organs, as the eye, requires the integration of two 

basic cell properties, proliferation and differentiation. In this thesis we have 

aimed to better understand the genetic networks coordinating these two 

properties using the eye of Drosophila melanogaster as a model system. In 

chapter 4 we also explored the extent of conservation/divergence of the 

discoveries made in Drosophila in a vertebrate model, the zebrafish.  

In the first chapter we have found that the basic genetic makeup of PE 

and the DP cells is considerably similar, despite striking differences in their 

morphology. We also found the existence of two clonal borders, one in the PE 

at the DV region and another at the interface between PE and DP at the 

posterior eye-disc margin, although neither of them is absolute. The existence 

of borders, usually associated with signaling centers, is in agreement with the 

current view that signals produced by the PE are required for DP (eye) 

development (Cho et al., 2000; Gibson and Schubiger, 2000). This is clearly the 

case for the border at the posterior eye disc margin, which is an important 

signaling centre involved in the triggering of retinal differentiation as well as in 

planar polarity patterning (Bras-Pereira et al., 2006; Lim and Choi, 2004). Much 

little is known about a possible role for the PE DV border, although 

circumstantial evidence suggests it might have one. PE and DP share similar 

expression patterns of 1) wg, a morphogen-encoding gene laying atop the 

hierarchy of the DV patterning and 2) fng, a glycosyltransferase encoding gene, 

that regulates Notch signaling pathway activation. So the PE could act as a 

source of Wg signaling and a template of Notch activation, working both as a 

“fail safe” and a refinement mechanism. If this hypothesis were true, cell to cell 

contacts between PE and DP could have a role mediating a exchange of 

signaling molecules between both epithelia.  

The importance of understanding the role of the PE in Drosophila eye 

development, and the mechanisms involved, increases if one considers the 

striking similarities between PE and the RPE of vertebrate eyes. Although not 

related in function or evolutionary origin both are specialized tissues derived 

from the ey/pax6 expressing cells (Chapter 1 and (Martinez-Morales et al., 

2004)). Interestingly, Raymon and Jackson (Raymond and Jackson, 1995) have 

found, using ablation experiments, that the RPE is important for the normal 



lamination of the retina. Also, other authors have shown that secreted 

molecules (the pigment epithelium derived factor-PEDF, and others not yet 

identified) are required for proper retina formation (Gaur et al., 1992; Jablonski 

et al., 2000; Sheedlo and Turner, 1998). Furthermore, Thisse and Thisse 

(Thisse and Thisse, 2004) have reported that wnt2 is expressed in the retina, 

apparently having a particular localization in the RPE, similar to wg expression 

in Drosophila PE (Chapter 1). Also, Wnts seem to regulate cell proliferation in 

vertebrate eyes (Kubo et al., 2003; Masai et al., 2005; Yamaguchi et al., 2005), 

similar to the Drosophila system (Dominguez and Casares, 2005). Interestingly, 

in Drosophila the PE does not respond to high levels of Wg (Chapter3). This 

seems a good “design” to control the proliferation of a tissue, where the 

mitogen-producing tissue is itself non-responding. This strategy could also be 

used during vertebrate eye development, with the RPE secreting Wnt to induce 

NR (neural retina) proliferation.  

In chapter 2, (work done in collaboration with the Mann laboratory 

(Columbia University)), we defined two major domains in the undifferentiated 

cell population anterior to the MF in the eye disc. One that is proliferative and 

that expresses Ey, Hth and Tsh as characteristic transcription factors, and 

another, a transition state to differentiation called pre-proneural (PPN), where 

Hth is absent and is replaced by ERG expression. Here we found that the 

combination of Ey, Hth and Tsh has two distinct roles: one to repress the 

expression of ERG transcription, such as eya and dac, and other to promote 

cell proliferation of these cells. We also found that these factors are able to 

bind each other, raising the possibility of them working in a molecular 

complex. Interestingly, Hth might have an important role in determining the 

cells’ competence state, since the presence or absence of Hth in this complex 

defines the cell state of proliferative/multipotent versus PPN. The loss of Hth in 

the Tsh, Ey, Hth combination represents a sequential competence state 

towards differentiation. This seems to be regulated in part by Dpp, which has 

the ability to repress hth expression.  

Recently Noro and coworkers (Noro et al., 2006) have shown that hth 

alternative splicing generates two shorter isoforms of Hth that do not contain 

the HD, but are able to execute many of the known functions of HD Hth. Both 

the short (HD-less) and the long (full-length) versions of Hth are expressed in 

similar patterns. Similar isoforms where also detected to be encoded by the 

mouse ortholog meis1 (Noro et al., 2006). It would be interesting to 



understand if the different isoforms have slightly different roles in eye 

development, since in our studies we have used null mutants for all isoforms 

and the ectopic expression experiments were done using the full-length 

version of Hth. 

In chapter 2 the function of Tsh or Ey in the Ey, Hth, Tsh complex is not 

extensively analyzed. In chapter 3 we try to understand the role of Tsh in eye 

development. Interestingly, it had been previously described that tsh was 

capable to induce ectopic eye formation when expressed in the antenna 

(Papayannopoulos et al., 1998). Also, in chapter 2, ectopic ey expression 

experiments in the wing disc define the hth + tsh domain as responsive to 

ectopic ey to generate ectopic eye differentiation. This seems to indicate that 

Tsh might be required together with Ey to generate eye competence. Knowing 

that the PE expresses both ey and hth (chapter1) we decided to test whether 

adding tsh to the system would force cells down an eye development pathway. 

The transient ectopic expression of tsh in the PE generates ectopic eye 

differentiation what seems to confirm the requirement of tsh to induce eye 

competence. This competence could be conveyed, for example, if in the 

presence of tsh an eye repressor is blocked or repressed –therefore, tsh would 

be a permissive factor. Nevertheless, the ectopic ey experiments in the wing 

favor a model in which tsh, together with ey and hth have an instructive role in 

establishing the eye fate. Interestingly, the artificial expression of tsh in the PE 

recapitulates the generation of the eye competent tissue in late L1 eye discs, a 

time when tsh expression starts in hth/ey-expressing cells, coinciding with the 

onset of ERG gene expression in the tsh domain. Mechanistically, ectopic 

expression of tsh in the PE allows also the response of these cells to Dpp and 

Wg signaling in an eye specific way, with Dpp repressing hth and activating 

ERG [Chapter 2 and (Chen et al., 1999; Curtiss and Mlodzik, 2000; Greenwood 

and Struhl, 1999)] and Wg maintaining hth expression, promoting proliferation 

and repressing differentiation [Chapter 2 and (Baonza and Freeman, 2002; Lee 

and Treisman, 2001; Pichaud and Casares, 2000)]. Experiments of tsh-

knockdown cause a variable reduction in the eye size and thus seem to agree 

with a pro-eye specification role of tsh. Also, other authors described the 

phenotype of loss of tsh in the eye as variable or absent (Papayannopoulos et 

al., 1998; Singh et al., 2002). One possibility to explain the mild defect of the 

tsh knockdown, taking into account the powerful eye-inducing ability of its 

ectopic expression, is the co-expression of the tsh paralogue gene tio (Laugier 



et al., 2005). tio might act redundantly with tsh in the eye disc and possibly 

also in most of other imaginal discs, as discussed in the supplementary data of 

chapter3. tio is also absent from the PE of the eye disc, and when ectopically 

expressed also mimics the phenotype caused by overexpression of tsh. It 

would be interesting to explore the potential of Tio to bind to Ey or Hth, 

because if the function of these combinatorial factors depends on their 

molecular interaction, Tio, which seems to act redundantly with Tsh, is 

expected to act also as molecular partner of Hth and Ey. Some data seem to 

support this possible Tio, Ey, Hth interaction; first Tio and Tsh present a high 

homology in their zinc fingers domains, which have the potential for 

protein/protein interactions (Iuchi, 2001; Mackay and Crossley, 1998), and 

secondly ectopic tio, as tsh, is able to stabilize Hth protein in the absence of 

hth transcription, suggesting that a Tio-Hth complex, that stabilizes Hth, is 

being formed. Interestingly, tsh and tio are negatively cross-regulated at the 

transcriptional level. Negative regulatory feedback loops are usually associated 

with decrease of the fluctuations of gene products (Kaern et al., 2005). In the 

case of the tsh-tio gene pair, this might be functionally relevant because 1) Tsh 

and Tio do not seem to have an efficient post translational regulation to keep 

their levels, since ectopic expression ends in a considerable increase of the 

endogenous levels, and 2) Tsh or Tio increased levels implies perdurance of 

Hth, that for instance is able to generate a delay in the MF progression 

(Chapter 2). Nevertheless, this tio-tsh cross regulation does not seem to be 

crucial for Drosophila development, at least in laboratory conditions, since tio 

null mutants are viable and fertile with no obvious phenotypes (Laugier et al., 

2005). The Tio/Tsh homeostasis hypothesis could be tested by measuring the 

stochastic distribution of Tsh protein levels in wild type vs. tio mutant discs, 

either in standard laboratory conditions or under stressing condition (ex: 

temperature fluctuation). An increase in fluctuation of Tsh levels is expected in 

tio mutant background if the Tio/Tsh pair is required for homeostasis. 

Finally in chapter 4 we aimed to understand the role of meis genes, 

homologues of the fly hth, in vertebrate eye development using the zebrafish 

as model system. Here we find that meis1 seems once more to be tightly 

connected with cell proliferation, since meis1 knockdown eye cells tend to 

increase the cycle length in G1, resulting in microphthalmia. Also meis1 

ectopic expressing cells tend to segregate to undifferentiated regions of the 

differentiating retina, suggesting that maintenance of meis1 expression is 



incompatible with differentiation. These results are reminiscent of those 

obtained in Drosophila for hth, as concluded in chapter 4. Furthermore, in 

Drosophila, cell proliferation seems to be controlled, among other factors, by 

Wg (Dominguez and Casares, 2005). wg and hth are interconnected: Wg 

induces proliferation and hth expression (Pichaud and Casares, 2000), and the 

absence of hth compromises cell proliferation (as suggested in chapter 2), 

although still is not known if the proliferation mediated by Wg is completely 

dependent on hth. In the zebrafish, Wnts also seem to be regulating cell 

proliferation (Kubo et al., 2003; Masai et al., 2005; Yamaguchi et al., 2005). An 

interesting possibility to explore is the ability of Wnts to regulate meis1 

expression, and, if true, to understand to what extent Wnt-mediated cell 

proliferation is dependent on meis1.   

Also, our studies in Drosophila indicate that tsh is required for eye 

specification. Based on this, it would be interesting to test whether vertebrate 

tsh-like genes are also involved in eye specification. Recently it was found that 

tsh1 is also expressed in zebrafish eye (Wang et al., 2007), although a detailed 

study of its expression during eye development is still missing.  

Finally, the use of two different models systems to study eye 

development allowed us to evaluate the relative powers and weaknesses of 

both biological models. The usefulness of a model organism is described as 

the “ease of genetic analysis multiplied by the applicability to human biology” 

(arguably, an anthropocentric index; (Friedrich, 2003)). Relative to the first 

factor Drosophila melanogaster is undoubtedly the model that presents more 

advantages. Yet, relative to the second, zebrafish scores higher. Nevertheless, 

the genetic tractability of a model can be always improved. Despite the short 

history of zebrafish in life sciences and particularly in genetics, the recent 

findings of transposable element technologies, the genome sequencing and 

the current global effort to develop new antibodies specific for zebrafish, as a 

consequence of the “2nd Strategic Conference of Zebrafish Investigators - 

2007”, make of the zebrafish one of the most promising model systems for the 

near future. An example of the potential of zebrafish as a cutting edge genetic 

tool is illustrated in chapter 4 where we present an innovative technique to 

generate ectopic expression mosaics using the existent transposable element 

technology, increasing the spatial resolution in ectopic expression experiments 

relative to the traditional embryonic mRNA injection. This could be applied 

further to KnockDown experiments, using siRNA expressing transposable 



elements. Furthermore, improved versions of this mosaic system might be 

achieved by controlling the activity of the transposase, in time and space, 

required for the transposable element activity, to improve the temporal 

resolution in the generation of mosaics.  
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Abbreviations 
 
 
aa:  amino acid  

Act:   Actin 

AEL:   After Egg Laying  

AP:   Anterior/Posterior  

APC:   Adenomatous Polyposis Coli 

Ara:   Araucan  

Arm:   Armadillo 

Ato:   Atonal 

BDGP:  Berkeley Drosophila Genome Project 

BN:   Bolwig’s Nerve  

BO:   Bolwig´s Organ 

Bowl:   Brother of odd with entrails limited, 

bp:   base pair 

Bx:   Beadex 

Caup:  Caupolican  

CMZ:   Ciliary margin zone  

CNS:   Central nervous system  

D:   Dorsal 

Dac:   Dachshund  

DD:   Dachshund Domain  

DIG:   Digoxigenin 

Disco:  Disconnected  

Dl:   Delta 

Dll:   Distal-less  

DNA:   Deoxyribonucleic acid 

DP:   Disc Proper 

Dpp:   Decapentaplegic  

Drm:   Drumstick 

Dsh:   Dishevelled  

dsRNA:  double stranded RNA 

DV:   Dorsal/Ventral 

EADC:  Eye-Antennal Disc Complex  

EFTF:   Eye Field Transcription Factor 

EGFR:  Epithermal Growth Factor Receptor  



ERG:   Early Retinal Genes 

ESG:   Eye Selector Genes 

Exd:   Extradenticle  

Ey:   Eyeless 

Eya:   Eyes absent 

EYAD:  Eya domain 

Eyg:   Eyegone  

FGF:   Fibroblast growth factor 

Fj:   Four-jointed  

FLP:   Flipase 

Fng:   Fringe  

FRT:   Flipase Recombination Target 

Fz:   Frizzled 

GCL:   Ganglion Cell Layer  

GFP:   Green Fluorescent Protein 

Gro:   Groucho 

H:   Hairy 

Hd:   Hid 

HD:   Homeodomain 

Hh:   Hedgehog 

HM:   Homothorax-Meis 

Hpf:   Hours Post-Fertilization 

Hth:   Homothorax 

INL:   Inner Nuclear Layer 

IPL:   Inner Plexiform Layer  

Iro-C:   Iroquois-complex 

Kr:   Kruppel  

LacZ:  β-galactosidase  

L:   Larval instar 

LL:   Lateral Layer 

Mad:   Mother against Dpp 

MARCM:  Mosaic Analysis with a Repressible Cell Marker 

Mbl:   Masterblind 

Mdl:   Midline 

Meis:   Myeloid ecotropic viral integration site 

MF:   Morphogenetic Furrow 



Mirr:   Mirror 

ML:   Medial layer 

MO:   Morpholino 

mRNA:  Messenger Ribonucleic Acid 

MT:   Myc-tag 

N:   Notch  

NR:   Neuronal retina  

Obp:   Optix binding protein 

Odd:   Odd-skipped 

OL:   Optic Lobe 

OLA:   Optic Lobe Anlagen 

Omb:   Optomotor-blind 

ON:   Optic nerve 

ONL:   Outer nuclear layer  

OPL:  Outer plexiform layer 

OS:   Optic stalk  

P/S/T-rich:  Proline-, serine- and threonine-rich 

PBC:   pre-B cell  

PD:   Paired Domain 

PE:   Peripodial Epithelium  

PI:   Propidium iodide 

Pnr:   Pannier  

Ppn:   Pre-proneural 

PRs:   Photoreceptors  

Q:   Trinucleotide repeat 

R:   Rhombomere 

RA:   Retinoic Acid  

RD:   Retinal Determination genes 

RDGN:  Retinal Determination Gene Network 

RNA:   Ribonucleic Acid 

RNAi:   RNA interference 

RPE:   Retinal Pigment Epithelium 

Rpr:   Reapear 

Rx:   Retinal homeobox  

SBP:   So Binding Protein 

Ser:   Serrate  



Shh:   Sonic hedgehog 

siRNA:  short interference RNA 

So:   Sine oculis 

Sob:   Sister of odd and bowl 

TCF:   T-Cell specific transcription factor 

TEM:  Transmission Electron Microscopy 

TGF:   Tumor growth factor 

Tio:   Tiptop 

Tkv:   Thickveins 

Toy:   Twin of eyeless 

Tsh:   Teashirt 

Tub:   Tubulin 

UAS:   Upstream Activating Sequence 

Upd:   Unpaired 

V:   Ventral 

W:   White 

Wg:   wingless  

WT:   Wild type 

Y:   Yellow  

YFP:   Yellow Fluorescent Protein 
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1- Drosophila melanogaster as a model to study eye development 


From the humble streets of New York in the early 1900´s, raised in the midst of the agitated markets of this boiling city, one of the most impacting characters in the history of Genetics stood up, the fruit fly (Drosophila melanogaster). In the early 1900´s Drosophila had been used in a few laboratories as a cheap and easy to use model organism replacing others more impractical ones, but it was only at Columbia University, in Thomas Hunt Morgan laboratory, where it finally met success. At this time the scientific community was still debating the Charles Darwin´s “Origin of species” theory, from which one of the aspects that raised more discussion was the mystery of heredity. How new traits where originated and by what means would they pass to the next generation? 


The first steps to understand the mechanisms of heredity were settled when Morgan identified for the first time a spontaneous mutation in Drosophila. Suddenly from the huge expanded stocks of WT red-eyes flies that Morgan kept in his lab a new white eyed fly appeared. Morgan realized that the eye color trait was transmitted to the next generation and would segregate in a similar way as predicted by Gregory Mendel’s theory. The only divergence was that eye color trait was some how connected to the fly gender, appearing more frequently in males than in females. In no time Morgan linked the Mendelian segregation of traits theory to the hypothesis proposed that chromosomes were the vehicles that transported these traits, having now a new extra important information, that the eye color trait was some how connected to the already known X chromosome. This was not the first light of the dawn of Genetics but was unquestionably one of its first brightest rays.


From the early days in Morgan’s lab to the most recent years of the era of the genome, transcriptome and interactome, Drosophila has accompanied Genetics and the young offspring of Genetics and Embryology, Developmental Biology, through successive revolutions in biological sciences. Some times  Drosophila was clearly marching in front of these revolutions, as it was the case of the discovery of the bithorax complex by Edward B. Lewis (Lewis, 1978), a set of genes that together with other homeotic genes (collectively called the Homeotic complex, of when including their vertebrate counterparts, Hox genes) are able to attribute different identities to cells of each different embryonic segment. Some other times Drosophila was gratefully affected by other scientific revolutions, as it was the case of the development of molecular biology, which allowed its transformation into one of the most powerful modern genetic tools available nowadays (see point 2.2 of Introduction) (Brookes, 2001).


Despite the highly productive scientific life of Drosophila melanogaster, only in mid 70´s the study of the development of the Drosophila compound eye really began. And this is surprising taking into account its conspicuous red color and its intricate structure, representative of the insect type of eyes: the compound eye. This type of eye is composed by several ommatidia, each one composed by lens, photoreceptors and pigment cells, forming a tiny functional unit of vision. Setting the start point of this journey through the mechanisms of eye development was a classic paper published by Ready and coworkers (Ready et al., 1976), in which the authors describe major cellular events occurring during eye development, as the movement of the morphogenetic furrow or the existence of a cellular mitotic wave that precedes the differentiation of photoreceptors.


Although the early years of the study of eye development where mostly dealing with the description of the cellular mechanisms present in this process, later on the genetic mechanisms started to be understood by genetic dissection, through the isolation and study of mutants that affected eye development.


More recently some significant discoveries have been achieved, among them the discovery of the genes responsible for the specification of the eye, the eye master genes eyeless (ey) and twin of eyeless (toy), together with the finding  that these genes have their counterparts orthologs in vertebrates being their function conserved from flies to Humans (see point 3.2.1.1.1 of introduction). These findings showed us that Humans and flies share a considerable amount of characteristics, point that for sure eases the answer for the continually raised question: “Why to study Drosophila melanogaster eye development?” This similitude between vertebrate and Drosophila eye development is not only restricted to the eye master genes, it was also found that some core components of the genetic network for eye development, are also conserved. This might raise the possibility that, together with the players in eye development, the genetic mechanisms might also share a similitude (Pichaud et al., 2001; Treisman, 1999).


2- Drosophila melanogaster: General aspects 


2.1-Life cycle: A short introduction from the eye point of view.

Several characteristics make Drosophila a great model system to study. It is easy and cheap to culture, keeping many genetically different strains is not space consuming, and its life cycle is considerably short. When cultured at 25ºC it only requires ten days to develop from a fertilized embryo to a fully fertile adult. In this way classic genetics is feasible since in ten days after a cross it is possible to analyze its progeny and use it to generate another cross.


The development of Drosophila is divided in three major stages, embryonic, larval and pupa (Fig.1). It is during the embryonic stage, which lasts approximately 24 hours that all the larval structures will be formed, including the larval visual system, also known as the Bolwig´s Organ (BO). The larva will grow mostly by polyploidization, so its cells increase in size, and undergo two molts separating three larval instars: L1-3. At the end of L3, the larva will wonder to find a spot where to pupate. During the pupa stage, Drosophila will undergo metamorphosis: most of the larval tissues will histolyze, while the imaginal discs, adult primordia set aside during embryogenesis, will fuse and suffer morphogenesis, to give rise to the adult or imago. One particular set of these primordia originate as fold-ins (or invaginations) of the embryonic epidermis forming a small flat sack of cells that, latter on, will give rise to most of the adult epidermis. Since they are the precursors of the adult structures they were called imaginal discs, from the Latin word “imago” meaning adult. There are different types of imaginal discs, depending on the structure that they will develop into (Fig.2), and for each type, a pair of imaginal discs exists in an embryo, with the exception of the unpaired genital-anal disc. Each imaginal disc of a pair will give rise to half an adult structure. For instance the adult head arises from a pair of eye-antennal imaginal discs, each one giving rise to one eye, one antenna and half of the fly head.


The larva undergoes three larval stages, L1 to L3, each separated by a molt. During these three instars, imaginal discs cells proliferate and become patterned into different adult organ primordia. At their onset, imaginal discs are flat sacs composed of cells uniformly cuboidal, but as larval development proceeds, cells on either side of the imaginal disc sac will adopt one of two morphologies: columnar or squamous. The columnar side will give rise to adult cuticular structures and is thereof called Disc Proper (DP), or main epithelium. The squamous side is called Peripodial epithelium (PE) and works during imaginal disc eversion and fusion, although some restricted adult structures also arise from this epithelium (Milner et al., 1983).  By the end of L3, most imaginal discs have been specified, grown and patterned as precursors of adult structures. This developmental point is marked by a surge of the steroid molting hormone 20E or ecdysone that instruct the imaginal discs to evert (Fig.3). reversing their folded-in topology inherited since embryogenesis, so the apical faces of cells will face the exterior (Fristrom and Fristrom, 1993; Guillermet and Mandaron, 1980; Milner et al., 1983).

The final stage of development is pupation. This stage takes 6 days to be completed and is when imaginal discs differentiate and fuse together to give rise to the continuous epidermis of the adult (Fig.3). During pupation apoptosis plays an important role, being induced in a controlled manner in order to adjust the total number of cells of the adult structures. 


2.2-Modern genetic tools for loss and gain of function studies in Drosophila melanogaster

This introduction is by no means exhaustive, but intends to give the background to the techniques used in this thesis. For more complete references, please go to “References”.

As a heritage from the long history of Drosophila melanogaster as a model organism in the study of genetics, came its tremendous development as a genetic tool. This development expanded, not only in the diversity of the techniques, but also in their complexity. Therefore, since most of these procedures are not straight-forward, here I present a brief introduction to those ones that were used in this thesis.


One of the most powerful genetic techniques in Drosophila derives from the use of P-elements (Bingham et al., 1982). P-elements are naturally occurring transposable elements, but luckily absent from the flies originally used to set the stocks later propagated for their use in Drosophila genetics. 

P-elements have terminal repeats that allow their mobilization within the genome and their mobilization is mediated by the enzyme transposase, which is encoded in the P-element. These elements where manipulated and used as cargoes for efficient transgenesis in Drosophila (Rubin and Spradling, 1982). These engineered P-elements are devoid of transposase (therefore, require transposase in trans for the mobilization) and marked by genetic markers that allow the identification of  integration events in the genome, such as the eye color markers white or rosy, or more recently Green Fluorescent Protein (GFP).


Rising from this post P-element era came other powerful techniques as Enhancer Trapping. This technique consists in the use of a modified P-element harboring a reporter gene, for instances β-galactosidase (O'Kane and Gehring, 1987; Wilson et al., 1989). This P-element is randomly mobilized into the fly genome and whenever the p-element is integrated nearby a strong positive regulatory region, the reporter gene starts to respond to it. This way the reporter gene reproduces part or completely, the expression pattern of the nearby gene(s) (Fig.4A). By this reason these lines are often called reporter lines. Nevertheless a reporter line is not by default an enhancer trap. Many reporters are generated by directly cloning a possible regulatory region of a gene into a P-element containing the reporter gene and a basal promoter (Fig.4B).


One method that was developed to better control the temporal and spatial expression of transgenes, and that nowadays is massively used by the fly community, is the GAL4/UAS system. This was adapted from the yeast Saccharomyces cerevisiae (Brand and Perrimon, 1993) and consists in a binary system that in one hand has the transgene to be expressed, cloned in a P-element adjacent to a yeast promoter (UAS or Upstream Activating Sequence) and in the other hand has the driver that is composed by a regulatory region that directs the expression of the yeast transcription factor GAL4 that binds to the UAS activating the expression of the downstream gene. This way the transgene is expressed in the same place and at the same time than the GAL4 is (Fig.5A). Since this is a binary system the common way to generate a GAL4/UAS fly is by crossing one GAL4 transgenic line, or driver line to a UAS transgenic line. GAL4 lines, as reporter lines, may be generated by enhancer trapping or by direct cloning of a regulatory region near by the GAL4. More recently the GAL4/UAS system has also been applied to the use of double stranded RNA (dsRNA) for gene knock-down (Kennerdell and Carthew, 2000). In this way it is possible to use RNA interference in specific stages and tissues, avoiding embryo injections, which might affect development too early for imaginal studies. 


Another system adapted from the yeast to Drosophila is the FLP/FRT system (Golic and Lindquist, 1989). This system is frequently used to generate clones of cells of a given genotype within a heterozygous but otherwise normal tissue environment. This procedure, that allows the generation of mosaic animal at different time points during development, allows overcoming the embryonic lethality of most developmental mutations in homozygosity, thus allowing the study of their function during later stages. This method is based on a yeast recombinase, flipase (FLP), that acts upon some DNA specific sites called Flipase Recombination Target (FRT) sites, which are absent from the Drosophila genome. Both FLP (expressed under, for example, a heat-shock promoter) and FRT sites are brought into the Drosophila’s genome through P-element-mediated transgenesis. If these FRT sties are located at the same chromosomal location on homologous chromosomes (i.e. in trans), FLP will mediate the crossing-over at that site, allowing the efficient recombination of chromosomal arms (Fig.5B). If the FRT sites are located on the same chromosome (i.e. in cis), FLP will mediate the recombination away of the intervening DNA sequenced flanked by the sites (“flip-out” of DNA). This is the basis for another genetic technique, the Flip-Out system which in combination with the G4 UAS system becomes a powerful technique to induce gene expression in cell clones (Fig.5C) (Struhl and Basler, 1993). 

Finally the MARCM (Mosaic Analysis with a Repressible Cell Marker) (Lee and Treisman, 2001) is another technique in which are combined the FLP/FRT and the GAL4/UAS systems together with the use of the GAL4 activity repressor, GAL80. This system allows the induction of clones that are simultaneously a loss of function for a gene and a gain of function for another gene (Fig. 6).


3-The Drosophila visual systems


Drosophila melanogaster develops two sets of light detecting organs. The larval “eye”, called Bolwing’s Organ (BO) (Bolwig, 1946), is a group of twelve photoreceptors that act as light detector allowing orientation of the larva during burrowing and circadian rhythm entrainment (Busto et al., 1999; Hassan et al., 2000; Kaneko et al., 1997; Malpel et al., 2002; Malpel et al., 2004; Sawin-McCormack et al., 1995). The second set comprises the adult compound eye and the ocelli, both located in the head. These two sets of visual organs differentiate in two separate, successive phases. The BO is formed during embryogenesis (Schmucker et al., 1997; Suzuki and Saigo, 2000), while the differentiation of the adult eye and ocelli takes place during late larval life and early pupa (Ready et al., 1976).


In Drosophila, both the larval and the adult visual systems arise from the unpaired embryonic eye anlage, which maps to the dorsal medial region of the embryonic head (Green et al., 1993; Namba and Minden, 1999). This eye anlage splits, during gastrulation and germ band elongation, into three distinguishable domains, the head midline ectoderm, the protocerebral neurectoderm and the embryonic eye field (Jaw et al., 2000). This latter is further subdivided into the larval and adult eye primordia and the inner and outer optic lobes (Cheyette et al., 1994; Daniel et al., 1999; Green et al., 1993) (Fig.7). 


The delayed post-embryonic development of the adult eye of holometabolous insects, like Drosophila, is a derived character. In hemimetabolous insects, such as the locust Schistocerca (the grasshopper), that show a more “primitive” eye development, the embryonic and postembryonic eyes develop one after the other without any intervening time gap, with the postembryonic eye differentiation increasing the size of the previously formed embryonic eye. Nevertheless, the mechanisms underlying embryonic and postembryonic eye development in direct developers, such as the grasshopper, might be different (Friedrich, 2003). In a way, insects had to invent a way to postpone adult eye differentiation and, as a consequence, a way to trigger it later on in a post embryonic stage, along their evolutionary path from hemimetabolia to holometabolia (Friedrich, 2003; Friedrich, 2006).



3.1- The larval visual system. 


BO and adult eye, in addition to derive from a common eye field, share the expression of and requirement for several genes, including the nuclear proteins encoding genes eyes absent (eya) and sine ocullis (so), this latter a marker of the eye field, and the signaling molecule Hedgehog (Hh) (see below). Mutant embryos for any of these factors are not able to undergo photoreceptor differentiation. Also atonal (ato), a visual-specific proneural bHLH gene is not detected in these mutant conditions (Daniel et al., 1999; Suzuki and Saigo, 2000). Not surprisingly, ato is also essential for compound eye development, being expressed in the pre-proneural (ppn) region and R8, the first photoreceptor to differentiate (Jarman et al., 1994), during adult eye differentiation (see below).  


The BO primordium is formed at embryonic stage 10 (Campos-Ortega and Hartenstein, 1997), when a group of so and eya positive cells, that border with hh expressing cells, start to express ato. At stage 11, the neuronal marker elav starts to be expressed in all the ato positive cells. Later on at stage 12 differentiation starts, and ato expression gets restricted to a group of primary photoreceptors (PRs). Between stage 12 and stage 13 more cells from the group of elav positive cells are recruited to differentiate into photoreceptors, possibly trough the action of the epithermal growth factor receptor pathway (EGFR) (Daniel et al., 1999), forming the completely differentiated BO. At this stage kruppel (kr), a marker of BO differentiated photoreceptors, starts to be expressed. Interestingly, during BO differentiation, the fact that elav starts to be expressed before differentiation could mean that neuralization precedes photoreceptor specification (Daniel et al., 1999; Suzuki and Saigo, 2000)(Fig.8). Each larva has a pair of BOs that are located bilaterally in a dorsomedial position of the head, encased in the head skeleton.


The axons of BO PRs fasciculate at the Bolwing’s Nerve (BN), which projects towards the brain, consistently following a reproducible pathway. It extends towards the Optic Lobe Anlagen (OLA), that corresponds to the future Optic Lobe (OL), where it gets attached firstly at the position P1 at stage 13 (Fig.9) (Schmucker et al., 1997), then while the nerve is growing in a intercalary mode, between the PR cell bodies and P1, the distal tip of the nerve starts to elongate along the surface of the OLA until it contacts with position P2, at stage 16. Finally, after reaching P2, the nerve grows until reaching a group of synaptic target cells (T) in the central nervous system. Interestingly, we have identified the embryonic eye primordium as P1 (see Chapter 1).


During postembryonic development, the BO becomes part of the adult eye forming the extra-retinal Eyelet, being located beneath the posterior margin of the compound eye (Kaneko et al., 1997).  


3.2-The adult visual system: Introduction to the Drosophila eye development

The adult Drosophila eye is composed by 750 to 800 photosensitive units, or ommatidia, that are arranged in a precise hexagonal array. Each ommatidium, in its turn, is composed by 8 photoreceptors, 4 cone cells, 6 pigment cells and an inter-ommatidial bristle organ, usually placed in-between ommatidia (reviewed in (Wolff and Ready, 1993)). During the pupa stage these cells pass from a tightly compacted conformation to be arranged in a rod shape structure of mature ommatidia. The differentiation of the eye occurs within the eye-antennal disc complex (EADC).


The EADC gives rise to most structures of the adult head, including the eye, the antenna, the maxillary palp and the head capsule, which bears the ocelli. It has its origin in the coalescence of cells from a number of segments of the embryonic head (Jurgens and Hartenstein, 1993). This disc is set aside during late embryogenesis and invaginates along with the larval head (Jurgens and Hartenstein, 1993). During L1, the EADC is an epithelial sac of about 30 cells and is characterized by the expression of of two Pax6 genes, ey and toy (Czerny et al., 1999; Quiring et al., 1994). The epithelium is monolayered and cells are morphologically similar. By L2, the EADC is constricted forming two lobes: the anterior one is the antennal disc and the posterior the eye disc.  At this time, the expression of the gene cut characterizes the antennal disc while ey expression becomes restricted to the eye disc part (Kenyon et al., 2003). This distinction is followed by further genetic and cell-shape changes. One of the two layers of the epithelial sac thickens and becomes columnar, while the cells opposing thin and become squamous. The columnar cells will form the disc proper (DP), and will develop into adult structures (including the antenna and the eye), while the squamous cells form the peripodial epithelium (PE) will only give rise to a small region of the head surrounding the eye (Haynie and Bryant, 1986) (Fig.10). Although PE main function has been attributed to disc eversion and fusion during pupa stages (Fristrom and Fristrom, 1993; Milner et al., 1983), recently it also has been proposed that the PE might have an active role during eye differentiation (Cho et al., 2000; Gibson and Schubiger, 2000; Gibson and Schubiger, 2001). In the eye disc specifically, the PE and DP morphological changes coincide with the co-expression in the posterior part of the disc of eya and so, members of the Retinal Determination gene Network (RDGN) (Kenyon et al., 2003; Kumar and Moses, 2001) and of the zinc finger gene teashirt (tsh; see Chapter 3). During L3 PE cells closest to the DP adopt a cuboidal morphology, give rise to head capsule (Haynie and Bryant, 1986) and, in the posterior eye disc margin, they specialize as the signaling center that triggers retinal differentiation at the beginning of L3 (the so-called firing point, (Treisman and Heberlein, 1998)).


From the firing point, a differentiation wave is triggered which is characterized by an indentation of the DP epithelium, the so-called Morphogenetic Furrow (MF) (Ready et al., 1976). The MF moves across the eye disc in the anterior direction and leaves behind, in the posterior region, clusters of differentiating cells that form the ommatidial precursors (Ready et al., 1976). The MF coincides with an important signaling center, where Hh, Decapentaplegic (Dpp), Notch (N) and Epidermal Growth Factor Receptor (EGFR), signals are required for proper eye differentiation (Baker, 2002; Curtiss and Mlodzik, 2000; Dominguez and Casares, 2005; Greenwood and Struhl, 1999; Kumar, 2002). Although these different signals have distinct roles in eye development, together they coordinate cell differentiation with cell proliferation (Pappu and Mardon, 2002). Therefore in Drosophila, differently for what happens in vertebrate eye development (Kay et al., 2005), the spatial position of a cell relative to the MF defines its differentiation status as specified (most anterior), determined (anterior adjacent to the MF) or differentiated (posterior to the MF).


3.2.1- Genetic mechanisms regulating eye development

3.2.1.1- The Retinal Determination (RD) genes

The Retinal Determination genes (RD) (Chen et al., 1999) is a group of genes composed by ey, toy, eya, so and dachshund (dac) that share a number of properties: First, they all are essential for eye development. Second, their ectopic expression is able to induce ectopic eye formation in many tissues, even if more efficiently if co-expressed with other RD genes. Third, at least Eya, So and Dac directly interact and, in specific circumstances, they cross-regulate each other’s expression 
 ADDIN EN.CITE 
(Bonini et al., 1997; Bonini et al., 1993; Chen et al., 1997; Cheyette et al., 1994; Halder et al., 1998; Halder et al., 1995; Kenyon et al., 2003; Mardon et al., 1994; Quiring et al., 1994; Shen and Mardon, 1997)
.


3.2.1.1.1- The Eye Selector Genes (ESG)

eyeless (ey) mutants have been described quite early in Drosophila history showing the striking phenotype of reduction, or complete loss, of the compound eyes (Hoge, 1915). It was later found that ey, which encodes a transcription factor with two DNA-binding domains (a Paired Domain (PD) and a Homeodomain (HD) (Fig.11)) has orthologues in vertebrates, the pax6 genes (Quiring et al., 1994). pax6 mutants also show a defects in eye development, as observed in small eye mouse and rat mutants (Hogan et al., 1988; Matsuo et al., 1993), and in Humans in the Aniridia mutation (Ton et al., 1991). Furthermore, when ectopically expressed in other tissues than the eye disc, ey has the remarkable ability of inducing ectopic eyes (Halder et al., 1995). These characteristics of necessity and sufficiency for eye development granted ey/pax6 the status of “master control gene for eye development”, or “eye selector gene” (reviwed in (Gehring, 2002)). 


The Drosophila genome carries two pax6 paralogues: ey and toy. Ectopic expression experiments show that toy also induces ectopic eyes. toy expression is turned on before, and independent of that of ey in the embryonic eye disc primordium, and is required for ey. Therefore, toy acts as an ey upstream regulator (Czerny et al., 1999), directly regulating the eye-specific enhancer of ey (Hauck et al., 1999). In addition, both ey and toy share similar disc expression patterns being the first of the RD genes to be expressed in the eye primordium. They are homogeneously expressed in L1 eye-antennal imaginal discs (Czerny et al., 1999; Quiring et al., 1994). Later on, during L2 ey/toy expression becomes restricted to the posterior lobe of the disc, defining the eye disc, while the anterior lobe, cut-expressing lobe, becomes fated as the antennal disc (Kenyon et al., 2003). As soon as eye differentiation starts, toy and ey remain expressed in the region anterior to the MF (Fig.12), in cells competent to form eye, but still undifferentiated. Interestingly, one exception to the rule that ey expression correlates with eye development in the eye-antennal disc is its expression in the PE, a region that does not develop as eye (see Chapter 1 and 2). This observation begs the question of what factors distinguish PE from DP to allow the latter to initiate the eye-differentiation program. This problem is tackled in Chapter 1. Furthermore, ey and toy, the “eye selector genes”, are the first of the RD genes to be expressed in the eye. The rest of the RD genes (eya, so and dac), also called “Early Retinal Genes” (ERG) (reviewed in (Dominguez and Casares, 2005)), start to be expressed later on development, at L2, after eye and antenna primordia have been specified (Fig.12). Interestingly, the ESG show a strong ability to, direct or indirectly, activate the expression of the ERG, although the ESG and the ERG expression is separated in time, reinforcing the idea that factors other than RD genes are required to trigger eye differentiation downstream of ey and toy.


3.2.1.1.2- The Early Retinal Genes (ERG)

The first mutations in eya, where named after the eyeless phenotype they produced (Sved, 1986). Nevertheless other eya alleles result in lethality, demonstrating that this gene is not only required for eye development, and so its expression pattern is not restricted to the eye disc (Bai and Montell, 2002; Bonini et al., 1998; Fabrizio et al., 2003). eya encodes a novel nuclear protein that functions as a transcriptional cofactor with So and Dac. Eya proteins is composed by two Eya domains, conserved from insects to vertebrates, (EYAD1 and EYAD2), whose main role seems to be protein-protein interaction, in particular with So (Silver and Rebay, 2005) and Dac (Chen et al., 1997), and two proline-, serine- and threonine-rich (P/S/T-rich) regions, which seems to be required for the transactivation of target genes ((Hsiao et al., 2001; Silver and Rebay, 2005)) (Fig.11). Eya, So and Eya, Dac, when expressed ectopically, can synergistically interact in order to generate ectopic eyes (Chen et al., 1997; Kenyon et al., 2003). Furthermore, Eya and So form a potent transcriptional activator, being this ability dependent on a recently found phosphatase activity of Eya (Li et al., 2003; Rayapureddi et al., 2003; Tootle et al., 2003), which gives Eya the potential to act beyond the classical transcription factor definition. eya is first expressed in the eye disc at second instar larva being its expression pattern is restricted to the posterior region of the disc. Later on in the third instar larva eya is expressed in the anterior adjacent cells of the MF and in the posterior differentiated cells (Bonini et al., 1993) (Fig.12).


so belongs to a SIX class of transcription factors and is conserved from flies to vertebrates, having as vertebrate ortholog the holomogs, six1 and six2 (Seo et al., 1999). so encodes a protein that has a conserved HD (Cheyette et al., 1994) as a DNA binding domain, and a SIX domain (reviewed in(Kawakami et al., 2000)) which works as a protein binding domain (Fig.11). It has been shown that this protein can directly bind to Eya, the transcriptional repressor Groucho (GRO) and So Binding Protein (SBP) ((Kenyon et al., 2003; Silver and Rebay, 2005) (Kenyon et al., 2005)). Null mutants for so are embryonic lethal, but some heteroallelic so combinations, or the induction of homozygous mutant clones in the eye disc, result in a significant reduction in the adult eye size, possibly as a consequence of an increase in cell death observed in L3 eye discs, anterior to the MF (Cheyette et al., 1994). On the other hand, the ectopic expression of so is able to induce ectopic eye differentiation (Weasner et al., 2007). It is also interesting to note that So binding sites are found in one of its own regulatory regions and in one ey enhancer (Pauli et al., 2005), illustrating the many feedback loops functioning in the RD genetic network. As an ERG, so starts to be expressed only in L2 eye discs, after eya first expression. Later on in development, so and eya are expressed in similar patterns, both ahead and posterior to the MF (Cheyette et al., 1994; Serikaku and O'Tousa, 1994).


dac, the last member of the ERGs, is distantly related to the   family of Ski/SnoN proto-oncoproteins (Caubit et al., 1999; Hammond et al., 1998; Kozmik et al., 1999; Mardon et al., 1994). Its region of homology between their homolog counterparts is limited to three specific domains, two protein domains called Dachshund Domain1 (DD1) and Dachshund Domain2 (DD2), and a trinucleotide repeat (Q) (Hammond et al., 1998) (Fig.11). Of these three domains, the domain that seems to be absolutely required for Dac function, in dac mutants rescue experiments (Tavsanli et al., 2004), is the DD1, that also has been identified as a potent transcriptional activation domain by yeast two hybrid experiments (Chen et al., 1997). Also, it was shown by Ikeda and coworkers (Ikeda et al., 2002) that this same domain of the mouse ortholog Dach1 is able to bind to DNA. The DD2 domain is though to interact with the ED domain of Eya (Chen et al., 1997), and it has been shown to be required to enhance the DD1 activity. The non-conserved Dac N-terminal and middle domains (between DD1 and DD2) seem to confer protein stability (Tavsanli et al., 2004). In the eye disc dac starts to be expressed in L2, only after eya activation. At this stage, dac is expressed similarly to eya (Fig.12). In L3, once retinogenesis has started, dac is expressed in the MF and the cells immediately posterior to it, so the anterior limit of its expression coincided with that of eya, but contrary to eya, its expression fades away posterior to the MF (Fig.12) (Mardon et al., 1994). Similar to the case of eya and so, some dac hypomorphic combinations have strongly reduced eyes, affecting in particular MF initiation (Mardon et al., 1994). Interestingly, dac, as the others ERGs, is also expressed in other tissues than the eye, as the brain, antenna, leg and wing discs, where it has other important functions during development, not related with retina determination (Dong et al., 2002; Kurusu et al., 2000; Mardon et al., 1994; Martini et al., 2000; Noveen et al., 2000; Rauskolb, 2001).


The RD genes interact in a genetic transcriptional network. Although analyses of gene expression during development and genetic experiments indicate a series of epistatic relationships, once the eye determination program is in place, several feedback loops lock in the eye developmental program, obscuring those linear relations (Pichaud et al., 2001). ey lies high in the hierarchy of eye determination genes. Loss of function of ey induces loss of eya and so expression, but loss of eya or so does not affect ey expression (Halder et al., 1998). In addition, ey expression is turned on earlier and ey is the most effective of all ERG in inducing eye tissue when ectopically expressed. The fact that toy is a transcriptional regulator of ey (Czerny et al., 1999) places toy atop the ERG cascade. eya, in turn is required for dac expression, but dac is not so for eya, placing dac downstream of eya (Chen et al., 1997; Shen and Mardon, 1997). Nevertheless, dac activates ey expression when ectopically expressed in the antenna (Shen and Mardon, 1997), therefore lying downstream of ey but potentially also upstream, feeding positively on ey expression (Fig.13). 


The RD genes are deployed and function in places other than the eye (Bonini et al., 1998; Dong et al., 2002; Halder et al., 1998; Kurusu et al., 2000; Mardon et al., 1994; Martini et al., 2000; Noveen et al., 2000; Rauskolb, 2001). Also the ectopic expression of any RD gene, in particular an ERG, is able to induce ectopic eye differentiation only in particular regions of the fly. Therefore, organ specific genes should work together with these RD genes in order to activate organ-specific developmental programs. 


3.2.1.2- Other Retinal Genes (The Others)

3.2.1.2.1- optix (the so relative of the six family)


optix, as so, belongs to a SIX class of transcription factors being conserved from flies to vertebrates. Their vertebrate orthologs are the vertebrate homologues six3 and six6 ((Toy et al., 1998), reviewed in (Kawakami et al., 2000)), which are the only members of the six family expressed in the vertebrate eye primordium. The domain structure of the Optix protein is very similar to that of So, also having conserved Six and HD domains, from flies to vertebrates (Toy et al., 1998) (Fig.11). Both domains have functions similar to their So counterpart domains. However, it has been proposed that both proteins function differently due to different binding partners. Both of them are able to interact with the co-factor Gro but So binds specifically to Eya, and Optix binds to Optix binding protein (Obp) (Kenyon et al., 2005; Kenyon et al., 2003). In agreement with the fact that Eya interacts directly with So, but not with Optix,  a co-overexpression Eya and So synergize in generating ectopic eyes, while Eya and Optix do not (Seimiya and Gehring, 2000). Nevertheless, Optix on its own is able to generate ectopic eyes when expressed in the head or antenna, although this ability is restricted to the eye disc. optix expression pattern during L3 is restricted to the anterior region of the MF of the eye disc, similar to ey, toy and teashirt (tsh, see below) (Fig.12). It is also interesting to notice that in an ey hypomorphic mutant background, optix expression is not affected, and that when ectopically expressed, in this mutant condition, optix is still able to generate ectopic eyes. This suggests that optix can promote eye development along an ey-independent pathway (Seimiya and Gehring, 2000).


3.2.1.2.2- teashirt and tiptop

teashirt (tsh) is expressed in L3 eye discs anterior to the MF in a pattern similar to ey, toy and optix (Fig.12) and codes for a zinc finger-domain protein with three widely spaced zinc finger domains (Fasano et al., 1991)  (Fig.11). This gene was firstly identified as required for specification of the trunk segments in Drosophila embryogenesis (Fasano et al., 1991). Later on, as a result of a gain of function screen tsh was found to  induce ectopic eyes in the head and antenna of the fly –but not in other body regions- (Papayannopoulos et al., 1998). Interestingly tsh is also able to repress eye differentiation, if its expression is maintained (Singh et al., 2004; Singh et al., 2002). Although the above-mentioned experiments implicate tsh in eye development, little is known about its role in and interaction with the RD gene network. We have investigated these questions mainly in chapter 2 and 3 of this thesis.


The Drosophila genome harbors another tsh-like zinc finger gene, tiptop (tio) (Fig.11). tio is dispensable for the normal development and fertility of the fly. In the embryo, it is expressed in the clypeolabrum, part of the hindgut and Malpighian tubules. Nevertheless, when tsh function is eliminated, tio expression is upregulated in the ventral epidermis, where it partially compensates the tsh loss. These results indicate that tio is functionally similar to tsh, at least in the epidermis of the embryo, and that tsh and tio crossregulate (Laugier et al., 2005). Since some loss of function clones of tsh show no phenotype in the eye (Papayannopoulos et al., 1998; Singh et al., 2002), tio, if expressed in the eye disc, could be functionally compensating the loss of tsh. This possibility is explored in the supplementary results of chapter 3.


3.2.1.2.3- homothorax and extradenticle

Homothorax (Hth) and Extradenticle (Exd) are TALE-type homeoproteins conserved from flies to vertebrates (Burglin and Ruvkun, 1992), being their mammalian orthologs the Meis and Prep (Moskow et al., 1995; Rieckhof et al., 1997), and Pbx (Flegel et al., 1993; Rauskolb et al., 1993) gene families, respectively. Hth is characterized by the presence of two highly conserved domains, a Homeodomain (HD), that has the ability to bind DNA, and a Homothorax-Meis (HM) domain, that binds to Exd, facilitating the import of both, as a dimmer, to the nucleus (Jaw et al., 2000; Pai et al., 1998; Rieckhof et al., 1997; Ryoo et al., 1999) (Fig.11). Exd also has a conserved HD similar to the one in Hth (Rieckhof et al., 1997) and two other conserved domains, PBC-A and PBC-B (Burglin and Ruvkun, 1992) (Fig.11). PBC-A has been identified as the domain responsible for binding the HM domain of Hth (Abu-Shaar et al., 1999). While hth is transcribed with a complex pattern in embryos and imaginal discs (Rieckhof et al.), exd is transcribed almost uniformly both in embryos of imaginal discs (Flegel et al., 1993). Nevertheless when protein distribution is observed Exd is found in tissues where Hth is expressed (Pai et al., 1998; Rieckhof et al., 1997). In addition, Exd is functional wherever it is nuclear (Gonzalez-Crespo and Morata, 1995; Rauskolb et al., 1995). Thus, hth expression defines the domains of functional exd/hth. The requirement is reciprocal, as Hth gets degraded if not dimerized with Exd (Abu-Shaar et al., 1999). Therefore, Hth/Exd are obligatory partners, something that is reflected in the fact that loss of Hth or of Exd give the same phenotypes in all tissues assayed. hth and exd were first implicated in eye development mainly because loss of function clones of either of these genes (which is equivalent to the functional loss of both) induces ventral ectopic eye formation (Gonzalez-Crespo and Morata, 1995; Pai et al., 1998; Pichaud and Casares, 2000). Further more, ectopic expression of hth in the eye causes a loss of eye phenotype (Ryoo et al., 1999), attributing to these genes a role as repressors of eye differentiation (Dominguez and Casares, 2005). Interestingly, hth is expressed in all eye disc cells prior to the onset of differentiation, but its expression becomes restricted to the most anterior region of the disc as retinogenesis is fired (Fig.12). Interestingly, the murine orthologues of hth, the meis genes (Myeloid ecotropic viral integration site) were identified as a proto-oncogene (Moskow et al., 1995). Furthermore, ectopic expression of hth in Drosophila imaginal discs often generates overgrowths (Pichaud and Casares, 2000). In chapter 2 I investigate the role of hth during eye development and its relationship with RD genes.


3.2.1.3- Signaling pathways and the dynamics of eye development 


Proper eye differentiation, as any other organ during development, requires exchange of information among cells. This is accomplished by intercellular signaling molecules capable of regulating intracellular signaling pathways after the signals reach their targets. Several signaling pathways, that are mostly conserved between flies to vertebrates, have a major role during Drosophila eye development, including the Dpp, Hh, Wg, Notch, EGFR and JAK/STAT pathways. Of these, the roles in early eye development are better defined for Dpp, Wg (wingless), Hh and Notch. Dpp, a long range signal, together with HH, a short range signal, are required for trigger of the MF, differentiation and movement of the MF. Wg, another long range signal, is required for DV asymmetry, as well for cell proliferation and to counteract the Dpp pathway avoiding premature differentiation. Notch, a signaling pathway that needs cell-to-cell contact, is required for cell proliferation during early stages of development, and also lateral inhibition for proper ommatidial spacing. 


3.2.1.3.1- The DV border and the trigger of the MF: Role of the Hh, Notch and Wg pathways in early eye development

The eye disc is subdivided into a dorsal (D) and a ventral (V) compartment around L2, as demonstrated by clonal analysis (Baker, 1978; Cavodeassi et al., 1999). The DV interface, the DV boundary, marks an axis of symmetry of the future eye, called the equator (Cho and Choi, 1998; Papayannopoulos et al., 1998). First I will review how the DV border is established, as it bears to the early control of growth in the eye disc and the initiation of retinal differentiation.


The DV subdivision starts with the asymmetric expression of two genes in the dorsal region of the L1/L2 eye disc: the GATA transcription factor pannier (pnr) and the Wnt-1 homologue wg. pnr expressing leads to the activation of wg (Lee and Treisman, 2001; Maurel-Zaffran and Treisman, 2000; Pereira et al., 2006; Singh and Choi, 2003). The Wg signal activates the Iroquois-complex (iro-C) genes araucan (ara), caupolican (caup) and mirror (mirr) in the dorsal domain of the disc. Another gene that is involved in the DV patterning of the eye disc is the glycosyltrasferase fringe (fng). fng is negatively regulated by iro-C genes, and as a result it is exclusively expressed in the ventral eye disc. Interestingly fng reduces Notch receptor sensitivity towards its ligand Serrate, mostly expressed on the ventral half of the disc (Bruckner et al., 2000; Ju et al., 2000; Moloney et al., 2000). The other Notch ligand, Delta, is mostly expressed dorsally. Due to this asymmetric sensitivity of Notch for its ligands, bidirectional Notch signaling only occurs at the DV border established at the fng+/fng- interface (Dominguez et al., 1998; Papayannopoulos et al., 1998) (Fig.14). Notch activity in the DV border is also required for global eye disc growth (Das et al., 1998; Dominguez et al., 1998; Papayannopoulos et al., 1998). Recently it was found that growth induced by Notch is mediated by a downstream target of this pathway in the eye, eyegone (eyg), a pax6 related gene devoted not to specify cell fate, but to promote cell proliferation instead ((Chao et al., 2004; Dominguez et al., 2004)C; reviewed in (Rodrigues and Moses, 2004)). Notch, in addition to promoting eye disc proliferation, also participates in the initiation of retinal differentiation, plus other subsequent functions, including short range control of proliferation, and ommatidial spacing and asymmetry. But before all that, other signaling molecules are required for the initiation of retinal differentiation at the end of L3 beginning of L3.


The Hh pathway is absolutely required for the trigger of differentiation (Chanut and Heberlein, 1997; Curtiss and Mlodzik, 2000; Dominguez and Hafen, 1997; Heberlein et al., 1998; Pappu et al., 2003). Hh ligand is expressed at the posterior margin of the disc and diffuses to the adjacent Disc Proper (DP) cells, in which Hh pathway gets activated. One of the downstream genes of the Hh pathway is the proneural gene atonal (ato). Ato expression is, in turn, required for the specification of the founder photoreceptor (PR) of each ommatidium, the R8 PR (Jarman et al., 1994; Jarman et al., 1995; Rayapureddi et al., 2003; Voas and Rebay, 2004). Therefore, the localized activation of hh expression is necessary for the onset of retinogenesis. Nevertheless, how this activation is controlled was unkown until recently ((Bras-Pereira et al., 2006). See below). The mechanisms by which Hh contributes to the initiation of the retinogenesis are several-fold. First, Hh is required for the expression of dpp, another signaling molecule essential for eye development (see below; (Heberlein and Moses, 1995; Heberlein et al., 1993)); Hh activates the expression of the proneural gene ato and thus is a key to define the retinal progenitors (Rayapureddi et al., 2003; Voas and Rebay, 2004). Hh also contributes to the coordination of cell proliferation with cell differentiation, being involved in the maintenance of the G1-arrest cells while acquiring the ato-expressing progenitor state as well as in the G1-S transition undergone at the second mitotic wave that precedes terminal differentiation (Escudero and Freeman, 2007; Firth and Baker, 2005).


Another signaling pathway crucial for triggering of eye differentiation is the Dpp pathway. Dpp is a BMP2/4 type secreted signaling molecules of the TGF-beta superfamily (Padgett et al., 1987); review of the pathway in (Affolter et al., 2001; Raftery and Sutherland, 1999) (Fig.15). dpp expression is controlled by Hh (Heberlein and Moses, 1995; Heberlein et al., 1993) and, in the eye, loss of function of this pathway block initiation the MF (Burke and Basler, 1996; Wiersdorff et al., 1996). On the other hand, ectopic expression of ddp in the eye disc results in the trigger or ectopic MFs (Chanut and Heberlein, 1997; Kenyon et al., 2003). dpp is expressed in L2 larva along the posterior margin of the eye disc, together with hh. Dpp is required early in development for the activation of ERG (Chanut and Heberlein, 1997; Curtiss and Mlodzik, 2000; Kenyon et al., 2003; Wiersdorff et al., 1996).  On the other hand high levels of Wg are able to antagonize the Dpp activity (Hazelett et al., 1998), avoiding a premature trigger of differentiation. Later on, the wg and dpp expression domains get separated due to eye disc growth and the antagonizing effect of Wg upon Dpp activity is cleared (Kenyon et al., 2003). At this time Dpp is able to fully activate ERG and to contribute for the trigger of the MF. Recently it has been claimed that Dpp synergize with eya, downstream of Hh, to control the initiation of MF, although the molecular mechanisms have not been discovered (Pappu et al., 2003).


The trigger of differentiation happens at early L3, in the most posterior region of the eye disc in an interception point of the DV Notch and AP hh signals, also known as the “firing point” (Treisman and Heberlein, 1998). Interestingly, it has been shown that Notch enhances the expression of hh (Cavodeassi et al., 1999) and that might increase the signaling ability of that point. In addition, the JAK/STAT ligand Unpaired (Upd) is specifically transcribed at the firing point. Although JAK/STAT does not seem to be required for the initiation of retinogenesis (Chao et al., 2004).


3.2.1.3.2- The movement of the MF, proliferation vs differentiation.


After the trigger of differentiation at the firing point an indentation in the eye disc epithelia is formed. This indentation is the so called MF and with time it progresses anteriorly, in a wave like manner, leaving on its wake a new column of ommatidia preclusters each 90 to 120 minutes (Ready et al., 1976). 


The expression of dpp and hh, that is required for triggering the MF, also accompanies the progress of the MF, making of it a mobile organizer. Differentiating PRs express hh which, in turn, activates dpp expression anteriorly in MF cells. Then Dpp and Hh, in a partially redundant manner, are required to induce in the MF the ppn state, that is a prerequisite for cells to undergo retinal differentiation (Greenwood and Struhl, 1999). Thus, the ato-expressing stripe moves forward. ato expression is then resolved first into evenly spaced groups of about ten cells, and later into single, spaced R8 PR precursors (Baker et al., 1996; Jarman et al., 1994; Jarman et al., 1995). The regularly spaced pattern of R8s is controlled by a “lateral inhibition” mechanism mediated by the Notch pathway (Baker et al., 1996; Baker and Zitron, 1995).  Then, the R8 photoreceptor recruits successively the R2/R5 and R3/R4 photoreceptors through the activation of the EGFR pathway (Dominguez et al., 1998; Freeman, 1996; Halfar et al., 2001; Kumar et al., 1998). 

The rest of the cells that did not differentiate remained G1 arrested since the first mitotic wave. Finally they suffer a last round of synchronous mitosis also mediated by EGFR pathway (Baonza et al., 2002), called the second mitotic wave, generating cells that will differentiate as R1/R6 and R7 photoreceptors, cone cells and pigment cells. As soon as photoreceptors are differentiated they start to express hh, except R8, induced synergistically by pointed, a EFGR/Ras pathway transcription factor, and So, through direct binding to a hh eye-specific enhancer (Pauli et al., 2005; Rogers et al., 2005). This hh activation closes an activation loop that allows the movement of the MF, since Hh is now able to activate dpp expression at short range in anterior cells (Fig.14).


Dpp is thought to signal at a longer range, changing the anterior cells’ state from a being generally specified, but still multipotent, to a determined state. This transition is coordinated to the cell cycle, so cells go from proliferating asynchronously, exit this state through a synchronic mitosis (first mitotic wave, FMW) and enter a transient G1 arrest in the MF (Wolff and Ready, 1993). In chapter 2 we try to understand the mechanisms regulating the first transition eye cells go through: to leave the multipotent, asynchronously proliferating state to enter an eye progenitor, transiently G1-arrested, state.


4- Zebrafish (Danio rerio), a vertebrate model to study development: General aspects


The zebrafish, a small freshwater tropical fish, has become a powerful model system to study genetic mechanisms of vertebrate development and disease. Its service to Developmental Biology and Genetics only started in the early 70´s with the work of George Streisinger, a phage geneticist which shared a passion for tropical fish and a foresight to expand genetic study to vertebrates, aspiring to unravel the genetic logic of vertebrate neuronal development. Streisinger spent a decade working on implementing genetic techniques for this new model system, while at the same time fighting a fierce battle to maintain the funding to keep its pilot fish facility, efforts that finally resulted in a important publication, among others, where a method to produce clonal lines of homozygous zebrafish (Gynogenetic procedures) is described (Streisinger et al., 1981). This became the first demonstration that the zebrafish could be a powerful model for developmental biology and genetics. The Gynogenetic procedure improves mutant screens allowing the quick generation of recessive phenotypes generated by the production of offspring solely derived from the maternal germline. From this point onward a new concept was born, challenging what previously was though to be impossible in a vertebrate, to generate a vast collection of mutations selected by phenotype. In 1993, in a joint effort from the Christiane Nusslein-Volhard´s and Marc Fishman´s laboratories, this concept was put in practice in a historical large scale screen for embryonic mutants, in which approximately 4000 embryonic lethal mutations were generated and characterized, being published in 1996 in the issue 123 of the journal Development, that was entirely dedicated to this screen. 


Nowadays, taking the advantage of the zebrafish genome sequencing, other techniques to determine the function of a gene are also used. The knock-down of gene function is generally achieved by the injection of gene-specific morpholinos. Morpholinos are stable, modified antisense oligonucleotides designed to be complementary either to the translation initiation sequence of the target gene, causing the block of translation of the desired mRNA, or to a specific exon-intron splicing site, which blocks mRNA processing (Nasevicius and Ekker, 2000). Also, it has been recently demonstrated that the injection of short interference RNAs (siRNA) are a feasible alternative to the use of morpholinos (Boonanuntanasarn et al., 2003; Dodd et al., 2004). Further more, ectopic gene expression is also possible by direct injection of mRNA of the desired gene. Although these techniques are quite helpful, they are based on the injection of factors in early embryos, affecting embryogenesis from very early stages, lacking temporal or spatial resolution. To avoid this, cell transplant techniques to generate mosaics were developed, allowing the generation of ectopic expression or gene Knock Down mosaics, using mRNA or morpholino injected embryos as cell donors (Carmany-Rampey and Moens, 2006). In chapter 4 we show an improved method for generating mosaics based on the procedures for generating zebrafish transgenics.

All these Swiss army knife tools are easily employed in zebrafish due to some advantageous characteristics that this model has when compared to other vertebrate models. Zebrafish embryos are easy to manipulate, they can develop in a Petri dish with no special care, and from 1 to 8 cell stage cells are still connected, so any substance injected in the yolk (Fig.16), as morpholinos or mRNA, diffuses to all the cells. Furthermore, zebrafish embryos are transparent, allowing direct visualization of developmental processes. Also, zebrafish development is rapid: in the 24 hours following fertilization all the major organ systems have formed (Fig.16). During the second half of the fist day, the eye primordium is formed, first evaginating as a vesicle from the telencephalon, later forming the optic cup, holding into its cavity the forming lens. The first cells of the eye to differentiate are the ganglion cells, appearing at 28 to 32 hours post-fertilization (hpf). At the 3rd day post fertilization the zebrafish embryo hatches from the chorion as a free-swimming larva. By the 3rd to 4th dpf most major classes of cells that compose the fully differentiated retina can be identified. Finally the zebrafish reaches its sexual maturity at 3 months post fertilization, being able to rise a new generation.


5- The zebrafish visual system, introduction to the vertebrate eye development.


5.1- The anatomy of the eye. 


The zebrafish neural retina (henceforth, just retina) is composed of seven major cell types: one glial cell type (the Muller cell) and six classes of neurons (ganglion, amacrine, bipolar, horizontal, interplexiform and photoreceptor cells). The composition and structure of the zebrafish retina is quite similar to most vertebrates, varying only in the number and subtypes of the major cell types (Fadool and Dowling, 2006). All these cells are arranged into morphological identifiable layers surrounding the lens (Fig.17). The cell bodies of the neurons are arranged into three “nuclear” layers: from the center to the periphery, ganglion cell layer (GCL), inner nuclear layer (INL) and outer nuclear layer (ONL). The GCL, the closest to the lens, contains the cell bodies of the ganglion cells. The INL is composed by amacrine, bipolar, horizontal and interplexiform neurons. Also the nuclei of Muller cells are located here, although their cytoplasm extends trough all the retinal layers, providing structural and functional support for the retinal neurons. The ONL contains rod and cone photoreceptors. Two plexiform regions where axons and dendrites meet are found in between the GCL and INL, and the INL and ONL: the inner plexiform layer (IPL) and the outer plexiform layer (OPL). Finally, the retinal pigment epithelium (RPE) lays above the photoreceptors, shielding the retina optically and with an essential role in phogocytosing the worn out, opsin-packed, tips of the photoreceptors (outer segment). 


In the vertebrate eye, light enters through the pupil, is focused by the lens and crosses all the retinal cell layers until it reaches the ONL. Here light is converted to a nerve electrical impulses, and these impulses are semi-processed by the neural network of the INL, reaching finally to the ganglion cells that send axons converging in to a small are of the retina, also called the “blind spot”, forming the optic nerve (ON) that connects to the brain, where the signals are further processed to form an image. 


One major difference of the fish and amphibian retina is the existence of a growth zone at the retinal margin, known as the ciliary margin zone (CMZ), which is absent from other vertebrates. The CMZ is a group of multipotent retinal progenitor cells (Wetts et al., 1989) localized between the RPE/iris and the retina (Moshiri et al., 2004). These cells express most of the factors present during embryonic retinal differentiation (Raymond et al., 2006), being able to support both self renewal and differentiating  in to retinal cells even after the embryonic retina differentiation is finished (Amato et al., 2004; Straznicky and Gaze, 1971; Wetts et al., 1989). In fact, in fish and amphibians, the eye enlarges as the animal grows, and this postembryonic retinal growth depends on the activity of the CMZ cells (Moshiri et al., 2004).


5.2- Early morphogenesis of the eye  


By the end of gastrulation the presumptive forebrain is partitioned into three overlapping domains that have been identified by lineage tracing and by regionally restricted patterns of gene expression (Fig.18). These domains are the eye field and the precursors of the telencephalon and the diencephalon (Rubenstein and Beachy, 1998). At this time the eye field, region that will give rise to the visual system, expresses several genes related with eye determination, as retinal homeobox gene 1, 2 and 3 (rx1, 2 and 3), six3a, six3b, pax6a and pax6b (Chuang et al., 1999; Chuang and Raymond, 2002; Kobayashi et al., 2001; Kobayashi et al., 1998; Nornes et al., 1998; Puschel et al., 1992; Seo et al., 1998). Most of these genes are also broadly expressed outside of the eye field, with the exception of rx1 and rx2 that are more specific for the presumptive and differentiated retina (although they are also expressed in other regions as the pineal gland) (Chuang et al., 1999; Mathers et al., 1997). Interestingly, rx genes are paired–like homeobox genes that are essential for vertebrate eye development. In zebrafish, gain of function experiments demonstrates that rx is able to expand the retina eye field into the forebrain (Chuang and Raymond, 2001). Also in mice, rx mutants fail to develop the optic vesicles (Mathers et al., 1997) with concomitant loss of pax6 and six3 expression (Zhang et al., 2000). 


Approximately at stage 10hpf, the neural plate, including the eye field, start to condense towards the midline, forming the neuronal keel. The neuronal keel, a rod like structure, is the zebrafish primordium of the central nervous system, which differs from the tube like structure of higher vertebrates since it is formed as a compact rod. At about 11,5 hpf the eye field start to expand laterally forming the optic vesicles (Schmitt and Dowling, 1994). At the same time the eye field gets separated in two eyes primordia. The mechanism to split the eye field seems to be species specific. In zebrafish this splitting seems to be accomplished mainly by diencefalon primordium cell movement towards the anterior region trough the midline (mdl), bisecting the eye field (Zuber and Harris, 2006) (Fig.18). At 13 hpf the posterior region of the optic vesicle start to separate from the brain primordium, remaining attached only by the anterior part, the presumptive optic stalk (OS), which later on will form the ON. The OS cells express pax2a, six3b (Krauss et al., 1991; Seo et al., 1998). In parallel to the formation of the OS, the neuronal keel cleaves medially, and the optic vesicles cleave internally. Subsequently, the optic vesicle suffers a reorientation of its dorsal-ventral axis in a way that its dorsal surface becomes laterally localized (lateral layer; LL) and its ventral surface becomes medially localized (medial layer; ML) (Kurusu et al., 2000; Schmitt and Dowling, 1994). Together with this process, the anterior brain, with the optic vesicles included, rotates ventrally, and in this way the optic stalk is positioned ventrally (Kurusu et al., 2000; Schmitt and Dowling, 1994) (Fig.18). At stage 15-18 hpf, cells from the ML progressively start to change their morphology from columnar to squamous, from the dorsal to the ventral region of the optic vesicle (Kurusu et al., 2000), forming the RPE. At the same time the LL thickens due to proliferation and to the contribution of ML cells and start to invaginate in a cup like structure marking the beginning of the formation of the optic cup (Kurusu et al., 2000; Schmitt and Dowling, 1994), while contacting the adjacent ectoderm, which starts to thicken forming the lens placode. Interestingly, the close contact between LL and ectoderm is required for the formation of the neuronal retina (Hyer et al., 1998; Nguyen and Arnheiter, 2000). Fibroblast growth factor (FGF) signaling, that in chick and mouse emanates from the presumptive lens (Nguyen and Arnheiter, 2000; Pittack et al., 1997) seems to be implicated (Pittack et al., 1997). 


As mentioned above, several factors have been identified as being expressed in and required for the specification of the vertebrate eye. These factors are collectively known as eye field transcription factors (EFTF). Still, how these factors interact to direct eye development is not well understood., as in Drosophila, the ectopic expression of EFTF (also known as retinal determination genes) is able to generate ectopic eye induction 
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(Andreazzoli et al., 1999; Bernier et al., 2000; Chow et al., 1999; Chuang and Raymond, 2001; Loosli et al., 1999; Martinez-Morales et al., 2001; Mathers et al., 1997; Mathers and Jamrich, 2000; Zuber et al., 2003; Zuber and Harris, 2006)
. Nevertheless, this induction is restricted to the domain of expression of orthodenticle homolog 2 (otx2) (Chow et al., 1999; Loosli et al., 1999; Martinez-Morales et al., 2001; Zuber et al., 2003), a member of the orthodenticle-related family of transcription factors that is known to be required for forebrain and midbrain specification (Matsuo et al., 1995; Pannese et al., 1995). otx2, although being required for initial eye field formation, is not considered an EFTF: otx2 is repressed by rx1 and thus both genes present an almost mutually exclusive expression pattern, with otx2 being excluded from the optic primordium (Andreazzoli et al., 1999). Nevertheless, later in development, otx genes have an important role in optic vesicle specification (Martinez-Morales et al., 2001). Similarly to what happens in Drosophila, the EFTFs also function in a transcription factor network during vertebrate eye formation, since pax6, six3, optx2 (six3a and six3b in zebrafish) and rx activate each other’s expression, while inactivation results in decreased expression of the others (Andreazzoli et al., 1999; Bernier et al., 2000; Chow et al., 1999; Chuang and Raymond, 2001; Lagutin et al., 2003; Loosli et al., 1999; Wargelius et al., 2003; Zuber et al., 2003; Zuber et al., 1999).


Also, together with the EFTFs, signaling pathways as Hedgehog (Hh), Wnts, FGFs, BMPs Nodals and Retinoic Acid (RA) are also involved, directly or indirectly, in early eye determination. Among them, Wnt signaling seems to be tightly linked to eye field patterning within the forebrain. Zebrafish mutants for masterblind (mbl), an axin mutant ortholog suffer a reduction in the telencephalon and eyes, while the diencephalon is expanded (Heisenberg et al., 2001; van de Water et al., 2001). This seems to indicate that high Wnt signaling promotes diencephalons fate, while low or no Wnt signaling promotes telencephalon and eye fates. In agreement with these results, embryos treated with low dose of LiCl, able to inhibit GSK3ß activating the Wnt canonical pathway (Klein and Melton, 1996), induces small eye phenotypes (van de Water et al., 2001). Interestingly, increasing the dose of LiCl causes the loss of the entire forebrain, indicating that Wnt signaling is required at intermediate levels for proper eye field patterning. 


5.3- Genetic mechanisms controlling the optic cup formation – The formation of the Neural Retina, Retinal Pigment Epithelium and Optic Stalk.

At 20 hpf the LL, which will form the neuronal retina (NR), forms a thick cup like structure surrounding the lens, while the RPE covers all the NR that is not in contact with the lens (Fig.18). This structure is called optic cup and is composed of the distal (relative to the midline) NR and RPE, and by the proximal OS, having each of them a differential gene expression profile. The OS and part of the ventral retina expresses the pair domain gene pax2 and members of the vax family of homeodomain proteins encoding genes (Take-uchi et al., 2003). pax2 and vax genes are positively regulated by Hh signaling emanating from the ventral midline (Take-uchi et al., 2003), promoting OS formation and antagonizing NR formation by repressing pax6 and rx expression (Hallonet et al., 1999; Zhang and Yang, 2001) which become restricted to the NR. The separation of the NR from the OS tissue is refined by the mutual repressive activity of pax6 and pax2 (Schwarz et al., 2000). As an opposing force to Shh, BMP4 is expressed in the dorsal region of the optic cup, promoting the expression of tbx5, a T-box gene expressed in dorsal retina and which is able to repress vax and pax2 expression when ectopically expressed ventrally (Koshiba-Takeuchi et al., 2000). Confirming the antagonistic roles of BMP4 and Shh, ectopic expression of Shh represses the dorsal BMP4 expression in the chick (Zhang and Yang, 2001) expanding vax and pax2 expression and repressing pax6 (Zhang and Yang, 2001) wile ectopic expression of BMP4 inhibits the ventral expression of vax and pax2 (Koshiba-Takeuchi et al., 2000). Concerning the RPE, although during early stages pax6 and otx2 are co-expressed in the RPE, later in development their expression becomes mutually exclusive: otx2 remains expressed in the RPE and pax6 gets restricted to the NR (Grindley et al., 1995; Martinez-Morales et al., 2004). 


Interestingly, FGF signaling is not only involved in NR formation but is also able to repress RPE specification (Pittack et al., 1997; Vogel-Hopker et al., 2000; Zhao et al., 2001). This is in agreement with classic experiments in amphibian in which an induction of a 180º rotation of the optic cup generates a transformation of the RPE, that now is facing the FGF expressing ectoderm, into NR (Detwiler, 1953).

5.4- Neurogenesis: the differentiation wave.

Up to stage 25hpf the zebrafish NR consists of an undifferentiated proliferative pseudostratified monolayered epithelium. One pathway that regulates cell proliferation at this stage is the Wnt pathway (Kubo et al., 2003; Masai et al., 2005; Yamaguchi et al., 2005).  Although the cells bodies of NR cells extend from apical to basal, the apical/basal position of their nuclei depends on the specific stage of the cell cycle. Cells undergoing S-phase have their nuclei basally localized, while cells undergoing mitosis have their nuclei displaced apically (Das et al., 2003) (Fig.19). Interestingly, cells of the zebrafish NR do not maintain always the same cell cycle length through development, presenting an 8-10h average in length until 16hpf, from 16 till 24hpf cells slow down their cell cycle length to an average of 32-49h, and re-enter a fast cell cycle with a length of 8-10h from 24hpf onwards (Kurusu et al., 2000). This de-acceleration of the cell cycle coincides with the transformation of the optic vesicle into the optic cup. Although the function of this phenomenon it is not known, the zebrafish retina is the first clear case to have a modulation of its cell cycle profile, whereas in general vertebrates tend to progressively increase their cell cycle length through development (Rapaport, 2006).


At stage 25hpf the first expression of atonal-homologue 5 (lakritz, or ath5), a proneural gene orthologous to the Drosophila ato, is detected in a small group of cells in the ventral-anterior retina, progressing like a wave, in a clock wise manner, until the posterior-temporal region of the retina (Fig.20). Following ath5 expression, cells become competent to differentiate, having the possibility to either reenter the cell cycle for a next round of cell division, or to asymmetrically divide and differentiate, migrating to its correspondent place in the retina (Fig.19). Ganglion cell precursors are the first ones to become postmitotic, and the first ganglion cells appear as a cluster in the inner ventral/nasal region of the retina, at stage 27 to 28 hpf (Hu and Easter, 1999). ath5 expression is possibly triggered by FGF signaling present near the OS (Martinez-Morales et al., 2005), yet the mechanism of propagation of the ath5 wave is still not very well understood. Interestingly, shh is also expressed in a wave like during vertebrate retinal differentiation (Neumann and Nuesslein-Volhard, 2000; Zhang and Yang, 2001), following ath5 expression with a 4-5 hours delay (Masai et al., 2005). This suggested that the propagation mechanism in vertebrates was similar to that driving the progression of the MF in Drosophila (reviewed in (Amato et al., 2004; Kumar, 2001)). Nevertheless, Kay and coworkers found that the wave of ath5 expression is possibly regulated by a cell intrinsic timer rather than being pushed forward by Shh, like in Drosophila. The authors noticed, though, a role for Shh early in development in setting the time of the initiation of the ath5 wave (Kay et al., 2005). The retinal expression of shh is possibly related with the progression of postmitotic cells into mature retinal ganglion cells (Masai et al., 2005). Recently it has been shown that another role of hh is to regulate the cell cycle speed and cell cycle exit in proliferating cells, being able to accelerate the endogenous cell cycle kinetics shortening G1 and G2 and inducing precocious cell cycle exit (Locker et al., 2006; Masai et al., 2005).


Approximately 10h after the cell cycle exit of the first ganglion neuron precursor, cells of the INL also become postmitotic. Finaly, 43 to 48hpf the first postmitotic photoreceptor appears and by 60hpf almost all the neuronal layers of the retina are formed (Branchek and Bremiller, 1984). Therefore, each cell layer is sequentially formed (Hu and Easter, 1999).

6- Fly and Fish eye development side by side - similarities in eye genetic networks of two clearly different visual systems.


The compound eye of insects is strikingly different from the camera eye of vertebrates. The first is composed by structural units, the ommatidia, that have integrated several specific cell types other than photoreceptors/neurons, as accessory, pigment and cone cells (which secrete the corneal lenses (Waddington and Perry, 1960)) formed from a single ectodermal epithelium. On the other hand, vertebrate eyes are composite organs having origin in several tissues: lenses are formed from the surface ectoderm and the retina and RPE are formed from the neural ectoderm, being later differentiated in two different epithelia, the NR and RPE. Further more, Drosophila photoreceptors are placed just beneath the lenses, while in vertebrate eyes the photoreceptors are located farthest from the light entry point away from the light entry point. All these topological, morphological and cellular differences led researchers to predict significant differences in the development of both visual systems. 


Nevertheless some core elements in the development of both eye types have remained conserved. pax6 seems to be the most striking case, being required for eye development in most species (Gehring, 2002). This happens in Drosophila and zebrafish where pax6 is on top of a genetic network that controls eye specification. Interestingly, some limited similarities also appear when comparing the eye genetic networks of flies and fish. In Drosophila the RD genes (toy, ey, so, eya and dac) together with optix are the core components of this network. Interestingly, in vertebrates pax6, six3 and six6 (the orthologs of the drosophila ey and optix genes) are also members of the eye genetic network. Also, as RD genes, the members of the vertebrate eye genetic network are able to induce ectopic eye development and also to induce ectopic expression among them. Nevertheless some conspicuous differences exist. in vertebrates, rx genes seem to belong to this gene network, yet in Drosophila the rx homologue Drx is not expressed (or required) in the eye disc (Davis et al., 2003; Mathers et al., 1997). Also, the role of eya homologues in vertebrate eye development is not clear. Although eya genes are expressed in the vertebrate eye primordium, mouse eya1 (Johnson et al., 1999; Xu et al., 1999), human eya1 (Abdelhak et al., 1997) and eya4 (Wayne et al., 2001) are not essential for eye development (Donner and Maas, 2004). The same seems to happen with dac homologues, since mouse dac1 and dac2 mutants do not present any deficiency in eye specification, although in these experiments late eye development was not examined, due to embryonic lethality of the mutants (Davis et al., 2006). Furthermore so homologues in vertebrates are not expressed in the eye.

Another similarity between vertebrates and Drosophila is the neuronal specification of the retina that in both cases is controlled by the proneural gene ato/ath5 (Brown et al., 2001; Kay et al., 2001; Wang et al., 2001). Interestingly similarities are present not only in the function but also in the expression pattern, being ath5 and ato expressed in a wave like manner inducing neuronal differentiation (Masai et al., 2000). Encouraged by the parallelisms found in vertebrates and Drosophila eye development we aimed to study the function of other genes known to have a role in Drosophila eye development, during vertebrate eye formation, following the proposal of Doner and Maas (Donner and Maas, 2004) to use “the wealth of knowledge emerging from studies in Drosophila to guide our inquiries into mechanisms of vertebrate development”. This approach will give us information about the conserved core mechanisms in eye development. This approach was followed in chapter 4 to study the role of the hth homologues, the meis genes, during early eye development in the zebrafish. 
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Figure 1. Diagram of the Drosophila melanogaster life cycle. At 25º C embryogenesis takes place in 22-24 hours (h) recently laid embryo reaches the first instar larval sage (L1). L1 and L2 take about 24 h each, and L3 approximately 48 h. L3 ends with the formation of the pupa. Metamorphosis within the pupa takes 96 h and then the adult hatches. Sexual maturity is attained about 8 h after hatching. 
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Figure 2. Imaginal discs. This figure depicts the correspondence between some of the third instar larval imaginal discs and the adult structures they will form. Leg, eye-antennal, halter and wing imaginal discs and their respective adult structures are colored In red, blue, purple and green, respectively. Adapted from � ADDIN EN.CITE <EndNote><Cite><Author>Hartenstein</Author><Year>1993</Year><RecNum>38</RecNum><record><rec-number>29</rec-number><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Green, P.</author><author>Hartenstein, A. Y.</author><author>Hartenstein, V.</author></authors></contributors><auth-address>Department of Biology, University of California Los Angeles 90024.</auth-address><titles><title>The embryonic development of the Drosophila visual system</title><secondary-title>Cell Tissue Res</secondary-title></titles><pages>583-98</pages><volume>273</volume><number>3</number><keywords><keyword>Animals</keyword><keyword>Antibodies, Monoclonal</keyword><keyword>Drosophila/*embryology/genetics/growth &amp; development</keyword><keyword>Eye/embryology</keyword><keyword>Gene Expression</keyword><keyword>Larva/growth &amp; development</keyword><keyword>Microscopy, Immunoelectron</keyword><keyword>Mutation</keyword><keyword>Optic Lobe/*embryology</keyword><keyword>Phenotype</keyword><keyword>Photoreceptors, Invertebrate/*embryology</keyword><keyword>Temperature</keyword></keywords><dates><year>1993</year><pub-dates><date>Sep</date></pub-dates></dates><accession-num>8402833</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=8402833 </url></related-urls></urls></record></Cite></EndNote>�(Green et al., 1993)�.
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Figure 3. Eversion and fusion of imaginal discs. 1: Diagram of the eversion of a wing imaginal disc. Imaginal discs are sac-like structures composed by two apposing layers, the disc proper (DP, also called main epithelium) and the peripodial epithelium (PE) (A red). In L3 discs, DP cells are columnar while PE cells are flatter and squamous epithelium (B). During initial stages of pupation, the PE suffers some changes in morphology (C), exerting a mechanical force needed for the eversion of the disc (D). 2: Diagram of wing imaginal discs fusing together during pupation. Imaginal discs fuse together in order to form a complete adult epidermis. In this fusion some PE play and essential role (green). Diagram from � ADDIN EN.CITE <EndNote><Cite><Author>Gibson</Author><Year>2001</Year><RecNum>27</RecNum><record><rec-number>44</rec-number><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Gibson, M. C.</author><author>Schubiger, G.</author></authors></contributors><auth-address>Department of Zoology, University of Washington, Seattle 98195, USA.</auth-address><titles><title>Drosophila peripodial cells, more than meets the eye?</title><secondary-title>Bioessays</secondary-title></titles><periodical><full-title>Bioessays</full-title></periodical><pages>691-7</pages><volume>23</volume><number>8</number><keywords><keyword>Animals</keyword><keyword>Body Patterning</keyword><keyword>Drosophila/genetics/*growth &amp; development</keyword><keyword>Eye/growth &amp; development</keyword><keyword>Larva/growth &amp; development</keyword><keyword>Metamorphosis, Biological</keyword><keyword>Models, Biological</keyword></keywords><dates><year>2001</year><pub-dates><date>Aug</date></pub-dates></dates><accession-num>11494317</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=11494317 </url></related-urls></urls></record></Cite></EndNote>�(Gibson and Schubiger, 2001)�.
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Figure 4. Current genetic techniques used in Drosophila melanogaster. A: Enhancer trapping – A transposon containing a minimal promoter and a reporter gene (β-galactosidase) is able to respond to enhancer elements, when mobilized randomly in the fly genome, generating a reporter line. LTR - Long Terminal Repeat of the transposable element. B: Reporter construct – Other reporter lines may also be built generating a transgenic strain using a transposable element harboring a particular positive regulatory region (enhancer) controlling the expression of a reporter gene. 
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Figure 7. Dorsal view of a Drosophila melanogaster embryo showing the embryonic eye field (A) and its later derivatives (B), after the visual primordium has split into larva and adult eye, and inner and outer optic lobe. Adapted from � ADDIN EN.CITE <EndNote><Cite><Author>Chang</Author><Year>2001</Year><RecNum>26</RecNum><record><rec-number>60</rec-number><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Jaw, T. J.</author><author>You, L. R.</author><author>Knoepfler, P. S.</author><author>Yao, L. C.</author><author>Pai, C. Y.</author><author>Tang, C. Y.</author><author>Chang, L. P.</author><author>Berthelsen, J.</author><author>Blasi, F.</author><author>Kamps, M. P.</author><author>Sun, Y. H.</author></authors></contributors><auth-address>Institute of Genetics, National Yang-Ming University, Shipai, Taipei, Taiwan.</auth-address><titles><title>Direct interaction of two homeoproteins, homothorax and extradenticle, is essential for EXD nuclear localization and function</title><secondary-title>Mech Dev</secondary-title></titles><periodical><full-title>Mech Dev</full-title></periodical><pages>279-91</pages><volume>91</volume><number>1-2</number><keywords><keyword>Amino Acid Sequence</keyword><keyword>Animals</keyword><keyword>Binding Sites</keyword><keyword>Cell Nucleus/metabolism</keyword><keyword>Conserved Sequence</keyword><keyword>DNA/metabolism</keyword><keyword>Drosophila/genetics/metabolism/physiology</keyword><keyword>*Drosophila Proteins</keyword><keyword>Homeodomain Proteins/genetics/*metabolism/physiology</keyword><keyword>Humans</keyword><keyword>Mice</keyword><keyword>Molecular Sequence Data</keyword><keyword>Transcription Factors/genetics/*metabolism/physiology</keyword></keywords><dates><year>2000</year><pub-dates><date>Mar 1</date></pub-dates></dates><accession-num>10704852</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=10704852 </url></related-urls></urls></record></Cite></EndNote>�(Jaw et al., 2000)�.
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Figure 6. Current genetic techniques used in Drosophila melanogaster. MARCM (Mosaic Analysis with a Repressible Cell Marker) system – In this system mitotic recombination is used to generate clones of cells that are either homozygous Mutant or homozygous for a constitutively expressing GAL80 transgene, in a GAL4-expressing background. In a GAL80 homozygous condition, GAL4 activity is repressed by GAL80 and thereof gene expression downstream of the UAS is not allowed. On the contrary, in cells homozygous for the mutation under study (or just simply wild type, if the purpose is just gene expression induction) GAL4/UAS driven gene expression occurs within the Gal80-negative cell clone. The expressing clone can be positively marked if, in addition to the UAS-gene of interest, an UAS-reporter (such as GFP) is introduced in the background.
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Figure 8.  BO development. The BO primordium (BOP) arises at stage 10 (St 10) from a group of eya and so positive cells adjacent to hh expressing cells.  At stage 11 (St 11), elav starts to be expressed in the BOP, giving rise to the first cluster of differentiated PRs (St 12). Later on, at stage 13 (St 13) more photoreceptors are recruited, possibly mediated by the primary PR cluster trough the activity of EGFR, forming the completely differentiated BO. Adapted from � ADDIN EN.CITE <EndNote><Cite><Author>Suzuki</Author><Year>2000</Year><RecNum>28</RecNum><record><rec-number>187</rec-number><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Suzuki, T.</author><author>Saigo, K.</author></authors></contributors><auth-address>Department of Biophysics and Biochemistry, Graduate School of Science, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan.</auth-address><titles><title>Transcriptional regulation of atonal required for Drosophila larval eye development by concerted action of eyes absent, sine oculis and hedgehog signaling independent of fused kinase and cubitus interruptus</title><secondary-title>Development</secondary-title></titles><periodical><full-title>Development</full-title></periodical><pages>1531-40</pages><volume>127</volume><number>7</number><keywords><keyword>Animals</keyword><keyword>Basic Helix-Loop-Helix Transcription Factors</keyword><keyword>DNA-Binding Proteins/genetics</keyword><keyword>Drosophila/*genetics/*growth &amp; development/physiology</keyword><keyword>*Drosophila Proteins</keyword><keyword>Epistasis, Genetic</keyword><keyword>Eye/*growth &amp; development</keyword><keyword>Eye Proteins/genetics</keyword><keyword>*Genes, Insect</keyword><keyword>Homeodomain Proteins/genetics</keyword><keyword>In Situ Hybridization</keyword><keyword>Insect Proteins/genetics</keyword><keyword>Larva/genetics/growth &amp; development/physiology</keyword><keyword>Models, Biological</keyword><keyword>Mutation</keyword><keyword>Nerve Tissue Proteins</keyword><keyword>Photoreceptors, Invertebrate/growth &amp; development</keyword><keyword>Protein-Serine-Threonine Kinases/genetics</keyword><keyword>Signal Transduction</keyword><keyword>Transcription Factors</keyword></keywords><dates><year>2000</year><pub-dates><date>Apr</date></pub-dates></dates><accession-num>10704398</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=10704398 </url></related-urls></urls></record></Cite></EndNote>�(Suzuki and Saigo, 2000)�.
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Figure 9. The Bolwig’s Nerve (BN) pathway during embryogenesis. Axons of the Bolwig’s Organ (BO; green) fasciculate as the BN, which always follows a consistent pathway towards the brain. After eye disc primordium invagination, during late embryogenesis, the BN interacts with this disc primordium (red; Chapter 1).  Afterwards it gets attached to the Optic Lobe Anlagen (P1 point), reaching P2 then grows to a small target area in the central brain (T). Adapted from � ADDIN EN.CITE <EndNote><Cite><Author>Schmucker</Author><Year>1997</Year><RecNum>21</RecNum><record><rec-number>115</rec-number><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Schmucker, D.</author><author>Jackle, H.</author><author>Gaul, U.</author></authors></contributors><auth-address>Rockefeller University, Laboratory of Developmental Neurogenetics, New York, NY 10021, USA.</auth-address><titles><title>Genetic analysis of the larval optic nerve projection in Drosophila</title><secondary-title>Development</secondary-title></titles><periodical><full-title>Development</full-title></periodical><pages>937-48</pages><volume>124</volume><number>5</number><keywords><keyword>Alleles</keyword><keyword>Animals</keyword><keyword>Axonal Transport/genetics</keyword><keyword>DNA-Binding Proteins</keyword><keyword>Drosophila/embryology/*genetics</keyword><keyword>Drosophila Proteins</keyword><keyword>Genetic Markers</keyword><keyword>Larva/chemistry/genetics</keyword><keyword>Mutagenesis</keyword><keyword>Nerve Tissue Proteins</keyword><keyword>Optic Nerve/*chemistry/embryology</keyword><keyword>Proto-Oncogene Proteins/genetics</keyword><keyword>Transcription Factors</keyword></keywords><dates><year>1997</year><pub-dates><date>Mar</date></pub-dates></dates><accession-num>9056770</accession-num><urls><related-urls><url>http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=9056770 </url></related-urls></urls></record></Cite></EndNote>�(Schmucker et al., 1997)�.
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Figure 11. Schematic representation of most important proteins required during Drosophila retinal specification and determination. Proteins are N terminal left-handed and C terminal right-handed oriented. Length of each protein in amino acids (aa) is present near the C terminal domain. Conserved domains between Drosophila and vertebrates are highlighted: Paired Domain (PD); Homeodomain (HD); proline-, serine- and threonine-rich (P/S/T-rich) domain; Eya domain (EYAD); Six (SIX) domain; trinucleotide repeat (Q) domain; Dac domain (DACD); Zinc finger (ZN) domain; Homothorax-Meis (HM) domain; pre-B cell (PBC) domain; The relative distance between the conserved domains as well their size is only approximated.
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Figure 12. Schematic representation of the expression pattern of Retinal Determination genes, other genes involved in retina differentiation (optix, hth, tio and tsh) and ligands of the major pathways involved in the transition from Specification to Determination states (Hh, Dpp, and Wg) during L1 to L3. The Disc Proper (Red), margin (blue) and differentiated domains (green grid) are represented. Dark bars correspond to the expression pattern of each gene. Dark gradient correspond to the diffusion of the ligans Wg, Hh and Dpp, respectively. Dark red marks the Morphogenetic Furrow. Dorsal (D), Ventral (V), Anterior (A) and Posterior (P).
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Figure 14. Diagram representing the Dorsal (D)/Ventral (V) patterning and the trigger of the Morphogenetic Furrow MF during L2 (A) and MF movement from the Posterior (P) to the Anterior (A) region during L3 (B). A: The dorsal domain is defined by Wg signaling that activates the expression of the Iro-C genes (Green). The ventral domain, in Orange, is characterized by the expression of fng, which is transcriptional repressed by the iro-C genes in the dorsal disc. Notch is activated (Yellow) in the Fng/non Fng border. The firing point (Red) is defined by a synergistic interaction of Notch (Yellow), Hh and Dpp (Purple, expressed at the margin) signaling pathways. B: During L3 the MF advances towards the anterior region of the eye disc. The long range action of Dpp expressed in the MF, and the short range action of Hh (Red) expressed in differentiated photoreceptors (green grid), causes a change in anterior cells from a Specification (semitransparent Dark Grey) to a Determination state (semitransparent Light Grey). The Determination state is characterized by the expression of eya, dac and so, whose expression is controlled by Hh and Dpp. This transition state is counteracted by long range Wg signaling. The positive feed-back loop between dpp and hh makes the MF move forward.
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Figure 16. Diagram representing several stages of the zebrafish development. At “1 cell” stage, immediately after fertilization it is possible to identify two structures, the yolk, which represents 4/5 of the embryo and, on top of the yolk, the cell. At 11 hours post-fertilization (hpf) stage (at standard temperature of 28,5ºC), the embryo has already 5 to 9 somites and the optic vesicle is formed. At 14hpf stage the embryo has 10 to 13 somites and the neural keel is formed. At 18hpf the precursor of the fish ear (otic placode) is formed. At 22hpf stage the lens is already visible and the midbrain-hindbrain boundary is formed. During the third day of development the embryo hatches from the chorion (not represented here) that surrounds the embryo since cell 1 stage. Drawings from: http://zfin.org/zf_info/zfbook/ stages/figs/fig1.html. 
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Figure 19. Movement of a cell’s nucleus during the cell cycle progression in a vertebrate retina. During cell cycle the cell body (green) remains in contact with both the apical and basal sides of the NR, yet its nucleus moves along this apical/basal axis depending on the cell cycle stage (interkinetic movements). After the onset of ath5 expression a cell is able to decide  (dashed line) if its going to divide symmetrically, entering a next round of division, or to divide asymmetrically, differentiating in a neuron (Dif.), migrating to its respective place. 
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Figure 20. Lateral view of a zebrafish retina. The neurogenic wave of ath5 starts at the inner ventral/nasal region of the retina (black dot) being propagated both towards the outer surface (green arrow) and towards the posterior/temporal region of the retina in a clockwise manner (red arrow).
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