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Abstract 

 

In ectothermic vertebrates, the retina and the pineal gland are the two main 

photoreceptive organs. Whereas the first one is involved in visual information, the second 

one acts as a detector of day length and synchronizer of the different functions in the 

organism through rhythmic secretion of melatonin. Both organs display common and 

specific features, which suggest the existence of differences in the molecular mechanisms 

leading to their formation. However, until today, scant progress has been made in 

understanding the fundamental questions of how their respective functions are established 

during embryonic development, and whether the genetic actors, critical for their correct 

morphogenesis, are shared or organ specific.    

 In an attempt to tackle these questions, we first examined the expression pattern of 

several photoreceptive organs and cell division markers in the zebrafish (Danio rerio) and the 

turbot (Scophthalmus maximus), two phylogenetically distant Teleost fish species. We found 

that the pineal gland differentiates before the retina in both species, suggesting that the 

former mediates photic responses during embryonic development. Although this feature is 

conserved between the zebrafish and turbot, differences in the expression pattern of marker 

genes were found between both species, suggesting that the molecular mechanisms 

controlling the early pineal functions have been modified during Teleost evolution. Finally, 

we investigated the role of two alternative Pax6.2 splice variants in the formation of the 

central nervous system including the pineal gland and the eyes in zebrafish through a knock 

down strategy. We show that both isoforms display specific and similar functions suggesting 

that the general gene networks triggering the patterning of these organs have been highly 

conserved during vertebrates’ evolution. 
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1. General introduction 
 

 

 

                    istorically, the study of the development of the central nervous system 

(CNS) including the eye has begun as early as during the XVI century with the italian 

scientist Leonardo da Vinci (1452-1519). In the years 1510-1512, he was the first one to leave 

us precise descriptions of the human female organs and foetus (Figure 1). It was necessary to 

wait three centuries more until several scientists made important advances in the field of eye 

development. One of them, the belgien Professor Daniel Van Duyse (1852-1924) was the first 

one to publish reports concerning malformations of the optic nerve, the absence of the iris, 

the macular coloboma, the cyclopia, etc. During the same period, the english Professor and 

surgeon Ida Mann (1893-1983) helped to develop the field of ophtalmology and wrote 

several books including the development of the human eye (1928, 1949, 1950 and 1964) and 

developmental abnormalities of the eye (1957).  

 

                                              

Figure 1. Pictures of the human female organs and human embryos designed by Leonardo Da 
Vinci. From  http://www.wga.hu/frames-e.html?/bio/l/leon ardo/biograph.html. 

 
 
 

However, the real bases of eye development were established by the german biologist 

Hans Spemann (1869-1941). In 1902, he made several experiments using the frog eye as a 

[ 
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model and found the phenomenon of induction and specialization occuring during eye 

development. Thus, he discovered that the formation of this organ is under the dependance 

of the brain and if it is cauterized, the eyes do not appear. In addition, transplantation 

experiments showed that the formation of the lens in vertebrates requires the contact 

between the optic vesicle and the adjacent surface ectoderm. Currently, the eye is certainly 

one of the most studied organ due to its nervous origin, its very complex cell structure and, 

maybe also because it is at the border between our environment and our mind. 

In ectothermic vertebrates, the eye is not the only photosensitive organ. The pineal 

gland, an outgrowth of the forebrain, is also able to receive light signals that are transformed 

in nervous impulses and hormonal signals. However, the formation of this organ during 

development has been much less studied.  

 The molecular understanding of the complex processes of eye and brain development 

were in part resolved with the apparition of new powerfull technologies in the field of 

molecular biology during the last three decades. The identification of several highly 

conserved factors acting upstream of the genetic cascade governing eye and brain patterning 

in both vertebrates and invertebrates has resolved the origin of several previously described 

mutant phenotypes. Because of their dramatic effects caused by mutations and their highly 

conserved mode of action, it has been proposed that the different eye types and also different 

brain types found in eumetazoa may have a monophyletic origin (Gehring and Ikeo, 1999; 

Sharman and Brand, 1998; Gehring, 2002; Lichtneckert and Reichert, 2005). 

This PhD study focuses on developmental aspects of the CNS and photoreceptive 

organs in ectothermic vertebrates. The first part of this work introduces the anatomical and 

functional description of the retina and the pineal gland, the two main photoreceptive organs 

present in ectothermic vertebrates. Then, the formation and remodeling during embryonic 

and metamorphic development will be described. More particular, focus will be put on an 

essential factor of the development of these organs, namely Pax6, and its interactions with 

other crucial genetic factors. In the second part, the results obtained during my PhD thesis 

work concerning the ontology of the photoreceptive, circadian and endocrine functions of 

both the retina and pineal gland in the zebrafish and turbot, two Teleost species, will be 

presented. Finally, the results concerning the functions of two different alternative Pax6 

splice variants in the formation of the photoreceptive organs and forebrain during zebrafish 

embryonic development will be described. 
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2. The two main photoreceptive organs in 

vertebrates 
 

2.1 The vertebrate eye 
 

The vertebrate eye or “camera-type” eye is composed of one single unit complex 

optical organ allowing the animal to gain knowledge of its environment by the sense of 

vision. One additional function is the biosynthesis of hormones such as melatonin (see 

section 2.2.4 : the two major sites of melatonin biosynthesis, the pineal gland and the retina). 

  

2.1.1  Anatomy of the vertebrate eye 
 

2.1.1.1 General information on the vertebrate eye 
 

The vertebrate eye is composed of three main tissues (Figure 2) :       

                    

Figure 2. Schematic representation of a transverse section of a human optic lobe. AH, 
aqueous humor; C, cornea; CB, ciliary body; CH, choroid; F, fovea; I, iris; L, lens; ON, optic nerve; 
R, retina; S, sclera; VH, vitreous humor. Adapted from http://www.nei.nih.gov/photo/eyean/. 
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- The external fibrous tunic is composed of the sclera and the cornea. The sclera is a rigid 

tissue giving the form to the eye and preventing excessive light to enter the eye. The cornea 

is a transparent, avascular, rigid laminated tissue covering the anterior part of the eye. Its 

convex surface acts as a lens which bends, deviates or refracts the rays of light from their 

course of direction so that they can form an image on the retina. 

 - The uveal tunic is composed of three elements, the iris, the ciliary body and the choroid. 

The iris is a pigmented structure giving its colour to the eye. It surrounds a  black, round 

opening, called the pupil through which light enters after passing through the cornea. The 

iris contains two muscles which act by opening or closing the pupil depending on the 

amount of light reaching the ocular globe. The ciliary body is a ring muscle located just 

behind the iris that is able to modify the form of the lens. The choroid is the third continuous 

and posterior portion of the uveal tract. It consists of blood vessels providing the important 

nourrishment and oxygen to the retina. 

- The nervous tunic is composed of the retina, which transforms the light information into 

nervous impulses. A detailed description of the retina is presented below. 

In addition, the eye contains three mediums acting each as a converging lens. The 

aqueous humour is formed in the cilliary body and passes along the back surface of the iris 

and around the lens to the pupil.  One of its most important functions is to maintain the 

intraocular pressure within certain levels. The second is the lens which is a transparent, 

colourless body suspended in the front of the eyeball. Its function is to bring the rays of light 

to a focus on the retina. Finally, the vitreous humour is a transparent gel located behind the 

lens, iris and ciliary body. It extends to the retina and optic nerve. The vitreous humour gives 

support to the retina in maintaining its attachment to the choroid. 

 

2.1.1.2 The main structure of the retina 
 

As mentionned above, the main function of the retina is to translate the light signals 

from the environment in nervous impulses which travel through the optic nerve to the brain. 

It is noteworthy that it is the only element of the eye having a neural origin (see development 

of the eye in section 3.1). Thus, the retina belongs to the central nervous system (CNS) and 

contains eight cell types organized in four main layers (Figure 3). 
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Figure 3. Schematic presentation showing the complex cellular structure of the retina. GCL, 
ganglion cell layer; INL, inner nuclear layer, ONL, outer nuclear layer. From 
webvision.med.utah.edu. 

 

 

The layers from the outermost surface to the innermost surface of the retina is the 

retinal pigment epithelium (RPE) followed by the photoreceptor layer containing the inner 

and outer segments of the photoreceptors, the outer nuclear layer (ONL) containing the cell 

bodies of the photoreceptors, the outer plexiform layer (OPL) including the axons of the 

photoreceptors, horizontal and bipolar cell dendrites, the inner nuclear layer (INL) 

containing the nuclei of the horizontal, bipolar and amacrine cells, the inner plexiform layer 

(IPL) including the axons of bipolar and amacrine cells and dendrites of the retinal ganglion 

cells. The ganglion cell layer (GCL) contains the nuclei of retinal ganglion cells. Finally, the 

axons of the retinal ganglion cells form the optic nerve connecting the retina to the brain. The 

retinal glial cells (also called Müller cells) compose the retina but extends from the RPE to the 

retinal ganglion cells.   

 

 

retinal 

ONL 

INL 

GCL 

glia 
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2.1.1.3 The outer plexiform layer of the retina and the mechanism of                

phototransduction 

 

The light from the environment crosses all the innermost cell layers before reaching 

the outer segments of the photoreceptor layer where the light sensitive molecules such as 

molecules of the opsin family reside. When light reaches the photoreceptors, the latter 

transforms the light energy into nervous impulses, through a complex process named 

phototransduction (Figure 4).  

In vertebrates, two major photoreceptors types are present in the retina, the cones and 

the rods, which are distinguished by their form. The cones are involved in the perception of 

color vision and are able to perceive finer details and more rapid changes in images through 

their fast response times to stimuli (Michaelides et al., 2006). There are different kind of cones 

which carry different opsins sensitive to different wavelengths. Moreover, these wavelengths 

are species specific. The second type of photoreceptors, the rods, contain the rhodopsin 

pigment, and are involved in the scotopic (night) vision through their high sensitivity to 

light. The human retina has about 100 million of rod cells concentrated at the outer edges of 

the retina and only 6 million of cone cells concentrated at the fovea and sparsed gradually in 

the remainder retina.  

The mechanisms of phototransduction have been more intensely studied in the 

retinal rod cells as compared to the cone cells (Figure 4).  

                       

Figure 4. Schematic representation of the retinal phototransduction cascade typical for 
ciliary photoreceptors. R*, activated rhodopsin. From Michaelides et al., 2006. 
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The photopigment rhodopsin (Rh) is concentrated in the apical part of the cell, in the plasma 

membrane, which is folded into a stack of discs forming the outer segment. Rhodopsin is a 

seven transmembranes protein covalently linked to the 11-cis-retinal by a Lysin at position 

296 of the protein (Lys296). The chromophore activation by a photon leads to the 

isomerisation to the all-trans-retinal accompanied by changes in the protein moiety. Photo-

excited rhodopsin (R*) activates transducin (T), a guanine nucleotide binding protein (G 

protein), which in its turn activates a membrane bound cyclic guanosine monophosphate 

(cGMP) phosphodiesterase (PDE). In the dark, the intracellular concentration of cGMP is 

high. This second messenger binds to ion channels in the plasma membrane of the 

photoreceptor cell keeping them open allowing the influx of ions into the outer segment. Due 

to this circulating dark-current along the rod photoreceptor, the membrane potential of the 

photoreceptor cell is slightly depolarized. This depolarization allows the release of the 

neurotransmitter glutamate at the synaptic junctions with the second order neurones. Upon 

illumination, the cGMP hydrolysis by the PDE leads to the closure of the Na+ and Ca2+ 

cationic channels inducing an hyperpolarization of the cell and the inhibition of 

neurotransmitter release at the synaptic junctions. The change in neurotransmitter release is 

registered by bipolar cells, which relay this information onto retinal ganglion cells. The 

retinal ganglion cells then convey the information to the brain. 

 

2.1.1.4 The retinal pigment epithelium 
 

The retinal pigment epithelium (RPE) is a highly specialized monolayered epithelium 

containing melanosomes, the cells producing and storing the melanin pigment. The RPE, 

located between the choroid and the photoreceptors of the neural retina, is involved in several 

functions: it participates in the outer blood-retinal barrier, it maintains the adhesion and the 

water/ions flow between the neural retina and the choroid, it absorbs stray light preventing the 

degradation of the visual image, it protects against free radicals, it controls retinoid 

metabolism and phagocytoses the outer segment of the photoreceptors ensuring their renewal 

(reviewed by Martinez-Morales et al., 2004; Bok, 1993; Boulton and Dayhaw-Barker, 2001). 

Furthermore, it has been shown that the RPE is able to transdifferentiate and regenerate a new 

neural retina in many vertebrate species (Del Rio-Tsonis and Tsonis, 2003). 
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2.1.1.5 The inner nuclear and retinal ganglion cell layers 
 

The inner nuclear layer contains three cell types including the amacrine, horizontal 

and bipolar cells. They are principally involved in the treatment of the neural impulses 

generated by the photoreceptors following their activation by light. The horizontal cells are 

contacted by the photoreceptor synapses; they are principally involved in the development 

of the contrasts. The bipolar cells transmit the information received from the afferences of the 

photoreceptors and horizontal cells to the ganglion cells in the form of graduated potentials. 

Then, the axons of the retinal ganglion cells transmit the nervous impulses as action 

potentials to the optic area of the brain. The functions of the amacrine cells are not well 

underderstood yet. 

 

2.1.1.6 The ciliary marginal zone (CMZ) and circumferential larval zone (CLZ) 
 

In fish and amphibians, the retina grows throughout all the life by adding rings of 

new neuronal cells at the periphery from stem cells located in a proliferative region, namely 

the ciliary marginal zone (CMZ) (Figure 5).  

 

                                               

Figure 5. Schematic representation of the ciliary marginal zone (CMZ) of the retina. This 
zone is divided in four regions specified by their cellular type: 1, retinal stem cells; 2,3 
proliferative retinoblasts; 4, post-mitotic cells. GCL, retinal ganglion cell layer; IINL, inner part 
of the inner nuclear layer; OINL, outer part of the outer nuclear layer; PRL, photoreceptor 
layer.  From Perron et al., 1998. 

 
 
The CMZ which has the capacity to generate all retinal cell types except rods, is spatially 

ordered with respect to cellular development and differentiation. The less determined stem 

cells are located in the peripherical part of the retina. The proliferative retinoblasts are in the 

middle and the cells that have stoped dividing are located at the central edge (Figure 5). 

Recently, it has been shown that the CMZ also exists in birds and marsupial but not in mice 
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(Kubota et al., 2002). In Teleost, in contrast to the other retinal cell types generated by the 

ciliary marginal zone (CMZ), the rod photoreceptors are generated from rod precursors 

located in the outer nuclear layer and in a zone previously described in  goldfish (Carassius 

auratus), namely the circumferential larval zone (CLZ) (Otteson et al., 2001; Johns, 1982; 

Raymond and Rivlin, 1987). This region which is adjacent to the CMZ of the retina has not 

been described so far in retina of other vertebrates species.  

 

2.2 The pineal gland 
 

2.2.1 Anatomy and main functions of the pineal gland 
 

The anatomy of the pineal gland (also called epiphysis) has changed dramatically 

during the course of evolution (Figure 6). In ectothermic vertebrates, the pineal gland is 

located just below the skull and is connected to the diencephalon by a stalk. The epiphysis of 

Teleost and frogs is a vesicle, filled with cerebrospinal fluid, and its lumen is usually opened 

to the third ventricle. In lizards and birds, the pineal gland is folliculated whereas it is 

glandular in mammals. In ectothermic vertebrates, the pineal gland is composed of three 

main cell types: photoreceptors, neurones and glial cells. The organization of the epiphysis 

displays similarities with the vertebrate retina but with a lesser degree of complexity. For 

instance, the pineal gland contains only cone-like photoreceptor cells directly connected to 

the pineal ganglion cells. The rod, amacrine, bipolar and horizontal cells present in the retina 

are absent. The axons of the pineal ganglion cells converge dorsally to the pineal stalk and 

form the pineal nerve, which enters the brain. In Sauropsids, the photoreceptors are 

rudimentary : they have no outer segments and do not contact neurons anymore. In the 

pineal organs of snakes and mammals, the regression of the photoreceptor characteristics are 

even more pronounced than in birds: the mammalian pinealocyte displays only a cell body 

and one or several pedicles but no inner and outer segments (For review see Falcon, 1999).  

The mechanisms of phototransduction occuring in the pineal photoreceptor seem 

quite similar to that of the retinal photoreceptors (Figure 7); the pineal photoreceptor is 

depolarized in the dark and hyperpolarizes upon light exposure. Hyperpolarisation of the 

photoreceptor results in the inhibition of release of an excitatory neurotransmitter at the 

synaptic junction with the second order neuron. 
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Figure 6. Evolution of the different pineal glands and pinealocytes found among 
vertebrates. FO, frontal organ; PaO, parietal organ; PO, pineal organ; PPO, parapineal organ. 
From Colin et al., 1989. 

 

 

Compared to the retinal photoreceptors, the pineal photoreceptor responds to light 

with a greater latency and recovery time (Figure 7) (For review see Falcon, 1999). This 

indicates that the pineal gland is not able to discriminate rapid light changes as the retina 

does and thus, may act only as a mediator of gradual light intensity changes. Hence, in 

ectothermic vertebrates, the pineal gland functions as a dosimeter of ambient illumination 

and detector of day length. As a consequence, the pineal allows time measurement, generally 

related to the synchronization of internal circadian clocks.  This function allows the living 

organisms to predict and to anticipate the environmental changes in order to optimize their 

physiological, biochemical and behavioural functions.  
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Figure 7. Electrophysiological response of the pineal photoreceptor cell exposed to 
different light pulse times. From Falcon, 1999, data from Dr. Hilmart Meissl (Max Plank 
Institut; Frankfurt (G)). 

 

  

In vertebrates, this function is primarily driven by a circadian system containing three 

main components: (i) an input or photoreceptor with photoreceptive molecules which 

synchronizes (ii) a circadian clock formed by several activator and repressor transcription 

factors and (iii) an output which synchronizes the different functions in the organism.            

The retina, the pineal gland and the suprachiasmatic nuclei are key components of this 

system. The anatomic organization of this system has changed dramatically during the 

course of evolution. In mammals, the photoreceptors of the retina detect light allowing to 

synchronize the circadian clock located in the suprachiasmatic nuclei of the hypothalamus. 

Then, the rhythmic signals from the CNS synchronize a number of other rhythms. Among 

them is the rhythmic production of melatonin by the pineal gland. In ectothermic 

vertebrates, the pineal photoreceptor contains all three elements of this system. Hence, 

pinealectomy in fish and lizards leads generally to a loose of circadian rhythmicity. In 

addition, pineal organs of non-mammals are able to maintain a rhythmic activity in vitro 

under light/dark or under constant photoperiodic conditions including constant light (LL) or 

constant dark (DD) (For review see Falcon, 1999).  

 

2.2.2 The nature of the molecular circadian oscillator 
 

The circadian clock (from the latin circa diem: about a day) or circadian oscillator is 

composed of several transcription factors acting in a negative feedback loop. In vertebrates, 

five genes have been identified as the core component of the clock machinery. The Periods 
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(Per), Cryptochromes (Cry) and Rev-erbα genes encode the negative components whereas the 

Clock and Bmal genes encode the positive ones. The functional mechanism of the clock can 

be divided in three successives steps. In a first step, as presented in Figure 8, the 

CLOCK/BMAL heterodimer binds the E-box enhancer located in the Per(s), Cry(s) and Rev-

erbα genes and activates their transcription.  Then, the PER and CRY proteins bind together 

to form a heteropolymeric complex and, when it reaches a critical concentration in the cell, 

interacts with the CLOCK/BMAL heterodimer titrating these transcription factors. In 

parallel, the REV-ERBα transcription factor inhibits the expression of both the Clock and 

Bmal genes. Finally, as a consequence of this inhibition, the mRNAs and proteins levels of 

the Per(s), Cry(s) and Rev-erbα genes decrease in the cell and once their levels are 

insufficient for repression, a novel cycle can start with the transcription of the Clock and 

Bmal genes (for review see Gachon et al., 2004; Albrecht and Eichele, 2003). 

                         

Figure 8. Simplified model of the molecular clock found in vertebrates. Adapted from 
Gachon et al., 2004. 

 

 

2.2.3 The melatonin: a major output of the circadian clock 
 

In 1917, McCord and Allen observed that when bovine pineal extracts were fed to 

amphibians, their skins lightened in color. The extracts were subsequently shown to produce  
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this effect by causing the melanin granules in the melanophores to agregate around the cell 

nucleus (Lerner and Case, 1959). Using lightening of frog skin as a bioassay system, Lerner 

and co-workers (1960) identified the hormone responsible for this effect, namely N-acetyl-5-

methoxytryptamine, also called melatonin. Several years later, it was demonstrated that 

melatonin is produced by the pineal gland from serotonin (Figure 9) (Weissbach et al., 1960, 

1961; Quay, 1963; Fiske, 1964; Axelrod, 1974). The levels of both compounds vary on a daily 

basis and in opposite directions; serotonin content is high during day and low at night 

whereas melatonin levels are high at night and low during day  (Quay, 1963). Klein and 

Weller (1970, 1972) found that the melatonin rhythm results from the rhythmic activity of the 

arylalkylamine N-acetytransferase (AANAT). The AANAT catalyses the conversion of 

serotonin into N-acetylserotonin; its activity increases about 100-fold at night in the rat 

pineal. Hence, this enzyme is considered as the rate limiting enzyme for melatonin 

biosynthesis. 

 

             

Figure 9. Indole metabolism pathways in the pineal cell. The biosynthetic pathway of 
melatonin starts with the amino acid tryptophan. The tryptophan is hydroxyled on position 5 by 
the Tryptophan hydroxylase (TPOH). Then, the carboxyl group of the hydroxytryptophan neo-
formed is removed from the amino terminal by the activity of the L-aromatic amino acid 
decarboxylase (AAAD) leading to the formation of serotonin. The next step is the acetylation of 
the N-terminal part of the serotonin by the activity of the Arylalkylamine N-acetyltransferase 
(AANAT) leading to the formation of N-acetyl serotonin. Finally, the Hydoxyindole-O-
methyltransferase (HIOMT) adds a methyl group on position 5 of the N-acetylserotonin to form 
melatonin. DeAc, deacetylase; 5-HIAA, 5-hydoxyindole acetic acid; 5-HTL, 5-
hydroxytryptophole; MAO, monoamine oxidase; 5-MIAA; 5-methoxyindole acetic acid.          
From Falcon, 1999.  
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In vertebrates, pineal melatonin is released into the blood and cerebrospinal fluid as it 

biosynthetized, and thus appears as a signal of darkness (Cassone et al., 1993; Falcon, 1999). 

In addition, the rhythmic pattern in melatonin biosynthesis changes according to season. The 

rhythm allows synchronization of several physiological, biochemical and behavioural 

rhythms to the prevailing daily and annual photoperiod. These include locomotor activity, 

hibernation, release of pituitary homones, metamorphosis in amphibians and the 

reproduction (Reiter et al., 1987; Pevet, 1988; Zachmann et al., 1992; Mayer et al., 1997; 

Vanecek, 1998; Lincoln et al., 2003; Wright, 2002). Moreover, it has been shown that 

melatonin is able to reset the central circadian clock and to play a role of relay to the 

periphical oscillators (Gauer et al., 1993; McArthur et al., 1991; Weaver et al., 1993). 

 

2.2.4 The two major sites of melatonin biosynthesis, the pineal gland and 

the retina 

 

The two major sites for melatonin biosynthesis in vertebrates are the pineal gland and 

the retina, although other sites have also been described such as the lacrimal gland of the 

eye, the ciliary body, the gastrointestinal tract and the lymphocytes (Falcon, 1999; Wikström, 

1996 in Isorna, 2004). In vertebrates, melatonin produced by the retina acts as an auto and 

paracrine neurohormone in the regulation of the adaptative process of vision (Wiechmann 

and Wirsig-Wiechmann, 1993), whereas the melatonin produced by the pineal gland is 

released into the blood and acts principaly as an endocrine neurohormone (Falcon, 1999). It 

plays a role in the synchronization of the periodical daily and seasonal functions (Falcon, 

1999). Hence, pinealectomy generally results in a decrease or a loss of the melatonin levels 

into the blood (Underwood and Siopes, 1984; Lewy et al., 1980). In contrast, in amphibians 

and in some avian species the melatonin plasmatic levels originate mainly from the retina 

(Isorna, 2004; Iuvone et al., 2005). 

The cellular localization of melatonin biosynthesis in both the pineal gland and the 

retina is primarily in the photoreceptor cells or pinealocytes (Cahill and Besharse, 1993; 

Guerlotte et al., 1988; Voisin et al., 1988; Kuwano et al., 1983; Sato et al., 1991; Greve et al., 

1993; Wiechmann, 1996; Wiechmann and Craft, 1993; Besseau et al., 2006; Zilberman-Peled et 

al., 2006; for review see Falcon, 1999). 
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3. Development of the photoreceptives organes in 

vertebrates 
 

3.1 Development of the eye 
 

Eye development in vertebrate is an excellent model system to study several 

processes including tissue induction and highly specialized structure formation. The 

formation of this complex system starts during gastrulation. At the end of gastrulation, the 

endoderm and mesoderm interact with the prospective head surface ectoderm to give it a 

lens forming bias. Latter, during neurulation, the optic vesicles (OV) evaginating from the 

diencephalon, contact the overlying ectoderm and induce the specification of these small 

regions to become thicker giving rise to the lens placodes (Figure 10A, F). In most 

vertebrates, ablation of the OV or arrest of OV development prevents the formation of lens 

structures indicating that the lens specification is dependent on the contact between the OV 

with the surface head ectoderm. The lens palcodes then invaginate to form the lens vesicles 

and induce the invagination of the OV to become the optic cups (OC)  (Figure 10B, C, G). At 

this stage, the formation of the optic cup is completely dependent on the development of a 

lens placode since a mutant without a lens placode fails to develop an OC (Ashery-Padan et 

al., 2000). Instead, several neuroretina folds separated by patches of retinal pigment 

epithelium (RPE) developed from the OV. Thus, the early lens structures are providing the 

molecular and mechanical cues required for the formation of the OC from the OV. When an 

OC is formed, it differentiates into two main layers. The cells of the outer layer produce 

melanin pigments to form the RPE, the cells of the inner layer differentiate rapidly in 

generating the different cells types including photoreceptors, ganglion cells, glia, 

interneurons forming the neural retina (Figure 10D, E, H). The axons of the retinal ganglion 

cells meet at the base of the eye to form the optic nerve innervating the brain (Figure 10D, E).  

 

3.1.1 Genetic control of eye development 
 

The control of eye development in eumetazoa is triggered by a complex genetic 

cascade estimated to be composed of about 3,000 genes. At the top of this cascade are located 

several genes encoding signaling molecules and transcription factors  acting in a complex 

network (Gehring and Ikeo, 1999). 
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Figure 10. Development of the eye in vertebrates. (A-E) Schematic representation of the 
different steps leading to eye development from an optic vesicle  (A) throughout an optic cup 
(C,D) to a mature eye (E). (F-H) Photographs showing the development of the eye in a chick 
embryo at (F) optic vesicle stage, (G) optic cup stage and (H) mature eye. C, cornea; EOC, early 
optic cup; IL, prospective retina; IS, intraretinal space; L, lens; LE, lens epithelium; LF, lens 
fibers; LP, lens placode; LS, lens capsule; LV, lens vesicle; NE, neural ectoderm; NR, neural 
retina; OC, optic cup; OL, prospective pigmented epithelium; ON, optic nerve; OS, optic stalk; 
OV, optic vesicle; PC, prospective cornea; PFC, primary fiber cells; RPE, retinal pigmented 
epithelium; VB, vitreous body. From Gilbert, 2003. 

 
 

Generally, these genes are recruited several times during eye development playing a 

role at different stages such as the formation of the optic vesicles, invagination of the optic 

cups, retinogenesis. The two last decades, it has been shown that the proteins encoded by 

these genes are, with Pax6 on the top of the hierarchy, structurally and functionally highly 

conserved and are found in almost all metazoans studied so far. These discoveries led to the 

hypothesis that the eyes may have a monophyletic origin (for review see Gehring and Ikeo, 

1999; Gehring, 2004). A traditional example of such conserved genes involved in eye 

development are the Paired box 6 (Pax6), Sine oculis homeobox homolog 3 (Six3), Eye absent (Eya), 

Sonic hedgehog (Shh) and Bone morphogenetic protein (Bmp2/4) genes having at least one 

homologue in the fruitfly genome which are the eyeless (ey)/twin of eyeless (toy), sine oculis 

(so)/optix (optix), eye absent (eya), hedgehog (hh) and decapentaplegic (dpp) genes, respectively 
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(Wawersik and Maas, 2000). In the following sections, we will focus on the Pax6 gene whose 

functions have been studied in details in mouse and fruitfly eyes development. 

 

3.1.2 General informations on the Pax genes and their highly conserved 

domains 

  

The Pax genes encode transcription factors characterized by the presence of a highly 

conserved amino acid sequence allowing the protein to bind DNA, namely the paired 

domain (PD) (Figure 11).  

 

                               

Figure 11. Schematic representation of the paired domain of PAX6. Interaction of the N-
terminal subdomain of the paired domain (yellow) with the double stranded DNA (blue). The red 
dots indicates the sites of loss-of-function mutations in the Pax6 gene giving rise to a non 
functional protein. From Xu et al., 1995. 

 

 

The PD was initially discovered in Drosophila for the segmentation gene Paired (Bopp 

et al., 1986). The PD is a 125-128 amino acids bipartite domain containing an N- and C-

terminal subdomain each containing a helix-turn-helix motif (Czerny et al., 1993; Xu et al., 

1995). This domain was then found in 8 other developmental genes in fly (Callaerts et al., 

1997; Fu and Noll, 1997). In human and rodents, nine members (Pax1-Pax9) have been 

described and classified in four groups according to their primary structure (Figure 12) (For 

review see Strachan and Read, 1994). The first group contains the Pax4 and Pax6 genes. They 

are principaly characterized by the presence of a PD and an other highly conserved DNA 

binding domain, the paired-like homeodomain (HD) (Frigerio et al., 1986). The second group 

N.ter. 

C-ter. 
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including Pax2, Pax5 and Pax8 is characterized by the presence of a PD, a truncated HD and a 

third conserved domain, the octapeptide (O). It has been shown that the octapeptide of PAX5 

directly interacts with a member of the Groucho corepressor family,  in order to exert its 

transcriptional repression activity (Eberhard et al., 2000; Lechner and Dressler, 1996). The 

third group including Pax3 and Pax7 is principaly characterized by the presence of a PD, a 

HD and an octapeptide. Finally, the fourth group including Pax1 and Pax9 is principaly 

characterized by the presence of a PD, an octapeptide and abscence of HD.  

 

  

                                      

Figure 12. Classification of the different Pax genes found in vertebrates according to their 
primary structure. PD, paired domain; O, octapeptide; HD, homeodomain. 

 

3.1.3 General informations on Pax6 and eyeless 
 

The Pax6 gene encodes a highly conserved transcription factor containing a paired 

and paired-like homeodomain separated by a flexible, acidic linker region (Krauss et al., 

1991; Wilson et al., 1995). The C-terminal end of the protein acts as the transctivation domain 

(Glaser et al., 1994; Carriere et al., 1995; Czerny and Busslinger, 1995; Tang et al., 1998). The 

Pax6 gene was initially discovered in human (Ton et al., 1991), mouse (Walther and Gruss, 
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1991) and zebrafish (Krauss et al., 1991). Three years after, the cloning of one of the fruitfly 

Pax6 homologue, namely eyeless (ey), was reported (Quiring et al., 1994). Subsequently, Pax6 

homologues were described in other vertebrates such as lamprey (Lampetra japonica), medaka 

(Oryzias latipes), pufferfish (Fugu rubripes), frog (Xenopus laevis), newt (Cynops pyrrogaster), 

chicken (Gallus gallus) and rat (Rattus norvegicus) and invertebrates such as ribbonworm 

(Lineus sanguineus), planarian (Dugesia tigrina), squid (Loligo opalescens), sea urchin 

(Paracentrotus lividus), nematode (Caenorhabditis elegans), ascidian (Phallusia mammilata) and 

amphioxus (Branchiostoma floridae) (reviewed in Callaerts et al., 1997; Callaerts et al., 1999;  

Czerny and Busslinger, 1995; Glardon et al., 1998; Glardon et al., 1997; Loosli et al., 1996; 

Tomarev et al., 1997; Murakami et al., 2001; Mizuno et al., 1999). In vertebrate embryos, Pax6 

is expressed in the eye, nose, CNS and pancreas where it plays a crucial role for the 

development of these organs (Krauss et al., 1991; Turque et al., 1994; Walther and Gruss, 

1991). The expression of Pax6 in the eye and the CNS is also found in invertebrates (Quiring 

et al., 1994; Tomarev et al., 1997; Gonzalez-Estevez et al., 2003; Callaerts et al., 1999; Loosli et 

al., 1996) suggesting a surprising conservation of the gene function among the different 

animal phyla. The regulation of Pax6 in space and time in vertebrate is controlled by several 

enhancers located in the promotor and introns of the gene. The critical role of PAX6 played 

in development is highlighted by the studies of its mutants. While the heterozygous loss-of-

function Pax6 mutants lead to known phenotypes as Aniridia, Peter’s anomaly and 

congenital cataracts in human and to a microphtalmia phenotype in rodents called Small eye 

(Sey) (Ton et al., 1991; Hanson et al., 1995; Hill et al., 1991; Matsuo, 1993), the homozygous 

mutation of the gene in mammals leads to an absence of eye structure, nasal cavities and 

severe brain abnormalities causing postnatal lethality (Hogan et al., 1986; Glaser et al., 1994) 

(Figure 13). In testing this hypothesis with a Pax6 gain-of-function approach, Halder and co-

workers (1995) succeeded to induce ectopic eyes on legs, antennae and wings of flies by 

targeted expression of ey or Sey in the larval imaginal discs with the UAS/Gal4 system 

(Brand and Perrimon, 1993). Reciprocally, partial vertebrate eyes structures can be induced 

by the ectopic expression of ey and toy in Xenopus (Onuma et al., 2002).  

 

3.1.4 Pax6 and eye development 
  

Until today, most studies investigating Pax6 function during eye and brain 

development were carried out in rodents and fruitflies.  
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Figure 13. Photographs showing the dramatic effects caused by Pax6 mutation on 
vertebrate eye development. (A) Newborn wild-type rat presents two closed eyes and a nose. 
(B) Newborn homozygous Pax6 rat mutant presents an abscence of eyes and nose. (C) Wild-type 
human eye displays the presence of an iris. (D) Heterozygous  Pax6 mutant human eye displays an 
abscence of iris namely aniridia. 

 

  

These two models were privileged because they present major advantages in comparison 

with other vertebrate and invertebrate models as the availability of mutants and genetic tools 

such as the Cre/loxP and UAS/Gal4 systems, respectively.  

In the following section, we will emphasize the different functions of PAX6 and 

others interacting factors during the successive stages of vertebrate eye development 

especially in the rodent model system  (for review see Ashery-Padan and Gruss, 2001; Lang, 

2004; Pichaud and Desplan, 2002) . 

   

3.1.4.1 Function of PAX6 in lens formation in rodents and Xenopus 
 

Several studies have suggested a crucial role of PAX6 in the lens induction process. In 

the first of these, tissue recombination experiments between optic vesicles (OV) and surface 

ectoderm (SE) from wild-type and Pax6-/Pax6- rat embryos suggested that Pax6 is not 

essential for the inductive activity of the OV, rather, it has a cell autonomous function in the 

SE (Fujiwara et al., 1994). In two other experiments, it has been shown that Pax6-/Pax6- cells 

in chimeric mice embryos are excluded from the SE and did not contribute to the lens 

placode or subsequently to the differentiating lens (Quinn et al., 1996; Collinson et al., 2000). 

In addition, the lens specification marker Sox2 fails to be expressed in Pax6-/Pax6- embryos 

A B 

C D 
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(Furuta and Hogan, 1998; Wawersik et al., 1999). Finally, Ashery-Padan and colleagues in 

2000 succeeded to dissect the molecular function of Pax6 in lens development after deleting 

PAX6 in the SE using the Cre/loxP system. The strong advantage of this technique allows to 

knock out the target gene somatically at the desired place and time. They showed that 

initially, PAX6 activity is essential for the competence of the SE to respond to the inductive 

signal produced by the OV, including a secreted factor of the BMP family, in activating Sox2 

transcription in the ectoderm (Figure 14). Then, during the specification process, PAX6 

activity is dispensable to maintain the expression of Sox2.  

     

 

 
Figure 14. Summary of the different functions of Pax6 during lens development. Adapted 
from Ashery-Padan and Gruss, 2001 and Lang, 2004. 
 
  

Hence, a Pax6 Cre/lox mutant mice embryo, of which PAX6 was removed from the 

SE during the lens specification stage, showed a normal Sox2 expression in the SE. However, 

in the absence of PAX6 during differentiation, SOX2 is not sufficient to activate the crystallin 

genes. PAX6 binds cooperatively with SOX2 on the delta-crystallin enhancer to activate 

crystallin expression during initiation of lens differentiation in chicken (Kamachi et al., 2001). 

In addition, PAX6 activates the expression of other homeobox genes involved in lens 

differentiation such as Six3, Prox1, Mab21l1 and FoxE3 during the specification stage (for 

review see Ashery-Padan and Gruss, 2001; Lang, 2004; Ogino and Yasuda, 2000).  

In Xenopus, gain-of-function experiments have also revealed a central role of PAX6 in 

lens development; overexpression of PAX6 induced ectopic eyes formation. However, it was 
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also possible to obtain ectopic lenses at a high frequency in the absence of any retinal tissue 

(Altmann et al., 1997; Chow et al., 1999). Taken together, these results indicate that PAX6 is 

needed and sufficient for lens development in Xenopus. 

  

3.1.4.2 Function of PAX6 in early retina development of mice 
 

Although Pax6 is expressed in the anterior neural plate in the cells that will give rise 

to the optic vesicle (OV), its function seems to be dispensable for the formation of the OV 

(Lee et al., 2005; Grindley et al., 1995). Accordingly, in the homozygous Pax6 mutant mouse 

embryo the OV form and the eye morphogenesis is arrested at this stage. However, it is 

important to note that the OV formed in homozygous Pax6-/- mouse embryo are 

misshapened (Grindley et al., 1995). This is in agreement with the study of Pax6-/Pax6- cells 

in chimeric mice embryos carried out by Collinson et al. (2000) who showed that PAX6 plays 

a role in proximo-distal patterning of the optic vesicles. Recently, it has been suggested that 

HES1, a mammalian basic helix-loop-helix (bHLH) transcription factor homologous of the 

Drosophila Hairy and Enhancer of split genes, participates with PAX6 in OV formation (Lee et 

al., 2005). While the homozygous Hes1 or Pax6 mutant mouse embryos develop an OV, the 

double mutant for both genes fails to do it. One plausible explanation is that both genes act 

redondantly in OV development. Accordingly, when both gene products are absent, the OV 

morphogenesis fails to be initiated. A second function of PAX6 for OV development is that 

this gene is required for the maintenance of the contact between the OV and the lens placode. 

Hence, if Pax6 expression is deleted in the OV cells and not in the LP cells, the contact 

between both is lost (Collinson et al., 2000) suggesting a role for PAX6 in controlling the 

expression of extracellular adhesion molecules. Cadherins could be good candidates because 

they were described as being controlled by Pax6 in other developmental processes (Andrews 

and Mastick, 2003; Estivill-Torrus et al., 2001; Liu et al., 2001; Stoykova et al., 1997).  

During the optic cup (OC) stage, Pax6 is required for cell proliferation and 

differentiation, since both processes are affected in Pax6-/- mice embryos. In addition, it has 

been shown that PAX6 activity is required in the late optic vesicle and early optic cup to 

establish the dorsoventral boundary of the developing eye in mice and chicken (Figure 15) 

(Leconte et al., 2004; Schwarz et al., 2000; Canto-Soler and Adler, 2006). PAX6 activity in this 

territory restricts Vax1, Vax2 and Pax2 expression to the ventral part of the early optic cup 

(Leconte et al., 2004; Schwarz et al., 2000).  
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Figure 15. Dorsoventral patterning of the early optic cup during vertebrate development. 
BMP4 and PAX6 in the dorsal side of the eye cup induces Tbx5 expression. TBX5 and PAX6 
repress in the dorsal retina the expression of the Pax2 and Vax genes, two transcription factors 
whose expression is induced in the optic stalk and ventral retina by sonic hedgehog (SHH). 
Similarly, PAX2 and VAX repress the expression of Pax6 and Tbx5 in the ventral retina. This 
inhibitory effect establishes the mutually exclusive patterns of the dorsal and ventral markers. 
 
                              

This is in agreement with the observation that murine Pax6-/- mutant embryos 

showed their Vax1 and Vax2 expression domains expanded to the entire OV. This is also true 

for Pax2 expression which expands to the dorsal OC in the homozygous Pax6 mutant 

(Schwarz et al., 2000). Following optic cup formation, Pax6 expression is down-regulated in 

the optic stalk and the retinal pigment epithelium, and maintained in the neural retina (NR). 

Expression in the NR is maintained in the retinal progenitor cells and down-regulated in 

most cells upon differentiation. In the mature mice retina, Pax6 expression is confined to 

bipolar and amacrine cells.  

    

3.1.4.3 Function of PAX6 in retinogenesis and RPE formation 
 

During the differentiation of the retina, all six different cell types including retinal 

ganglion, amacrine, bipolar, horizontal, cone photoreceptor and müller glial cells are 

generated from the retinal progenitor cells (RPC) residing in the inner nuclear layer of the 

mouse retina or the ciliary marginal zone of ectothermic vertebrates retinae. Several 

homeodomain transcription factors such as Pax6, Six3, Rx, Chx10 are expressed in the RPC 
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underlining their potential function in the proliferation and differentiation processes of 

retinal cells (Perron et al., 1998). Gruss and colleagues (2001) have shown by conditional 

knock out that mouse PAX6 activity is required for their normal proliferation and in order to 

maintain the retinal progenitor cells multipotents. In its abscence, there is reduced 

proliferation of the RPC, which did not acquire early and late neuronal cell fates but  

differentiated only into amacrine interneurons (Marquardt et al., 2001). Recently, Collinson 

and colleagues (2003) have shown in Pax6-/- chimeric mice embryos that PAX6 also 

contributes to the retinal ganglion cell layer formation. Indeed, mutant cells in the retinal 

ganglion cell layer appeared abnormal, either in forming tight clusters or having a vesicular 

appearence indicating perhaps that these cells were not correctly differentiated (Collinson et 

al., 2003).  

The retinal pigment epithelium (RPE) domain is initially defined during OV 

formation by the microphtalmia-associated bHLH transcription factor (Mitf). Mitf starts to be 

expressed throughout the entire OV and subsequently, its expression is down-regulated in 

the distal part of the OV and maintained in the proximal part defining the presumptive RPE. 

Because Pax6-/- mutant embryos develop RPE, PAX6 activity seems to be dispensable for 

the formation of this domain. However, it was shown in Pax6-/-; Pax2-/- mice double 

mutant embryos that the RPE is transformed in neural retina indicating that PAX6 acts 

redondantly with PAX2 to direct the determination of RPE by directly controlling the Mitf  

epression (Baumer et al., 2003). 

  

3.2 Development of the pineal gland 
 

3.2.1 Genetic control of pineal gland development, an overview 
 

In contrast to the retina, the pineal gland develops from an evagination of the roof of 

the diencephalon to form an epiphysial vesicle located just underneath the skin of the 

embryo. This organ differentiates early during embryonic development as for instance in 

zebrafish in which neurons of the epiphysis are among the first ones to differentiate and 

initiate axogenesis into the forebrain (Wilson and Easter, 1991). Although the genetic control 

of pineal gland development has been less studied compared to the eye, the central actors 

triggering this process appear to be quite different between both organs.  
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Figure 16. Schematic representation of the interactions of the different known genetic 
factors involved in zebrafish pineal gland development. Anterior is left. 
 
  

Figure 16 displays a recent model for zebrafish pineal gland development where the 

homeobox transcription factor Floating head (Flh) regulates the epiphysial neurogenesis 

throughout the regulation of proneural bHLH transcription factors including Ash1a and 

Ngn1 (Cau and Wilson, 2003). The products of these genes activate the expression of 

differentiation factors such as Otx5, Onecut and NeuroD; OTX5 regulates directly the 

expression of pineal opsins and several circadian clock genes such as Reverbα, and clock 

controlled genes such as Aanat2 and Irbp (Gamse et al., 2002; Cau and Wilson, 2003). The 

spatial restriction of Flh expression on the anterio-posterior (AP) and DV axis of the pineal 

gland anlage is controlled by the bone morphogenetic protein (Bmp) and wingless-type 

(Wnt) signaling pathways. For instance, in the Master blind (Mbl) mutant, the activity of WNT 

is increased in the neural plate leading to an expansion of Flh expression into regions of the 

anterior forebrain (Masai et al., 1997; Heisenberg et al., 2001). In contrast, when the BMP 

activity was reduced in the Swirl (swr) mutant, the Flh expression domain expanded into 

more ectodermal cells (Barth et al., 1999). 

 

 

 

Pineal gland 

Neural plate/ 
forebrain 
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3.2.2 Pax6 function in pineal gland development 
  

The very few data available suggest that Pax6 plays a critical role also in pineal gland 

development. In mice and zebrafish, the pineal gland expresses its mRNA and protein 

during pineal gland development (Estivill-Torrus et al., 2001; Wullimann and Rink, 2001; 

Masai et al., 1997). In addition, the analysis of Pax6 mutants in human and mice has revealed 

that this gene is essential for the formation of the epiphysis and in its absence the pineal 

gland is absent (Mitchell et al., 2003; Estivill-Torrus et al., 2001). However, despite of these 

strong evidences for a role of Pax6 in pineal gland development, its role in the genetic 

cascade is still not understood. It has been proposed that PAX6 may act directly on Ngn1 

expression to generate second order neurons in zebrafish (Blader et al., 2004; Masai et al., 

1997). 

 

4. Brain development 
  

The transcription factor PAX6 was shown to be involved not only in the development 

of the photoreceptive organs in vertebrates and invertebrates but also in the formation of the 

central nervous system as revealed by the study of the Sey and Ey mutants (Stoykova et al., 

1996; Callaerts et al., 2001).  

In this section, the basis of brain development and the role of Pax6 in this process will 

be summarized.  

 

4.1 General informations on brain formation and patterning 
 

The brain of vertebrates starts to develop during neurulation of the neural plate, 

which is converted into a neural tube. The neural tube is then subdivided into three vesicle 

promordia corresponding to the forebrain, midbrain and hindbrain. Later in development, 

these regions are subdivided by transverse constrictions into neural segments called 

neuromeres. At this stage, the antero-posterior (AP) patterning of the brain is established. 

Neuromeres are present in the forebrain and hindbrain where they are called prosomeres 

and rhombomeres, respectively. Brain patterning occurs later in development in specifying 

the different neuronal cell types according to their position along the AP and dorso-ventral 

(DV) axis in the brain. Brain patterning also functions by the guidance for neuronal cell 
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migration and axonal extension. The precise location in the brain of the different neuronal 

subtypes are determined by fine molecular mechanisms. Several of the factors and pathways 

involved have been identified including the Bmps, Sonic hedgehog (Shh), and the nodal and 

retinoic acid pathways. The best known example is the control of the DV axis of the neural 

tube by the activities of BMP4 and SHH. BMP4 acts as a dorsalizing morphogen to induce 

dorsal characteristics to the neuroepithelial cells of the developing neural tube. Conversely, 

SHH released from the notochord acts as a morphogen to induce ventral characteristics of 

the epithelial cells of the neural tube (for review see Osumi, 2001; Manuel and Price, 2005; 

Guillemot, 2005).  

 

4.2 Pax6 and brain development  
 

In addition to affecting the development of the photoreceptive organs, Pax6 also 

affects the formation of the brain as shown by loss-of-function mutations. During vertebrate 

development, Pax6 starts to be expressed during the neural plate stage in the neuroectoderm 

domains, which will give rise to the forebrain, hindbrain and spinal cord. Later at the 

neuromere stage, Pax6 is expressed in the dorsal part of the telencephalon and diencephalon 

as well as in the latero-ventral part of the rhombencephalon and spinal cord (Stoykova and 

Gruss, 1994; Osumi, 2001; Inoue et al., 2000).  

   

4.3 Function of PAX6 in mice forebrain development 
 

The forebrain is subdivided into two majors regions : the telencephalon where the 

cortex develops and the diencephalon which gives rise mainly to the thalamus. 

 

4.3.1 The telencephalon 
 

The telencephalon including the cerebral cortex and basal ganglia is the seat of motor 

coordination, emotions, higher cognition and consciousness in human. While it is one of the 

more complex region of the adult mammalian brain, the anatomical structure is relatively 

simple. It comprises large subdivisions with distinct cell populations (for review see 

Guillemot, 2005). The two main subdivisions separeted by a dorsoventral boundary, namely 

the pallium-subpallium boundary (PSB), are the dorsal telencephalon and ventral 
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telencephalon, namely pallium and subpallium, respectively. The germinal zone of the 

pallium generates the excitatory glutaminergic projection neurons of the cerebral cortex 

whereas the progenitors of the subpallium give rise in part to the GABA-ergic inhibitory 

neurons (for review see Manuel and Price, 2005). 

  

4.3.2 Function of Pax6 in mice telencephalon development  
 

During neurogenesis of the mouse telencephalon, Pax6 expression is detected in the 

neuroepithelium of the ventral pallium where the mitotically active ventricular zone of the 

dorsal telencephalon is located. This zone corresponds to the intermediate region located just 

dorsal to the PSB. The function of PAX6 in the telecephalon is supported by the study of 

molecular markers in homozygous Small eye embryos displaying a ventralization phenotype 

of the dorsal regions at the PSB (for review see Manuel and Price, 2005) (Figure 17).  

 

          
Figure 17. Schematic representation of a transverse section of a wild type and Sey/Sey 
mice telencephalon and expression domains of several dorsoventral molecular markers. The 
black arrow shows the pallium/subpallium boundary. From Manuel and Price, 2005. 
 

 



 41

Therefore, if PAX6 is absent at the PSB boundary, this leads to a down-regulation or a dorsal 

retraction of the expression of pallial markers such as Emx1, Ngn1, and to the dorsal 

extension of the expression of subpallial markers such as Dlx2, Vax1 and Six3 to the pallium. 

Hence, PAX6 acts in the telencephalon as a dorsalizing factor through the activities of the 

transcription factors Ngn1 and Ngn2 in repressing subpallial markers (Blader et al., 2004; 

Scardigli et al., 2003).  

Besides its critical role played in telencephalon development, PAX6 is required for the 

proper formation of the diencephalon, olfactory epithelium, hindbrain and spinal cord. (For 

review see Manuel and Price, 2005; Osumi, 2001). 

 

4.3.3 The hypothalamus 
 

An other part of the forebrain is the hypothalamus ensuring a connection between the 

central nervous sytem and the endocrine system. The hypothalamus transmits nervous 

signals into the posterior lobe of the hypophysis with a part of its axons to regulate body 

homeostasis and control secretion of hormones which in turn act on target tissus. As a 

consequence, the hypothalamus controls many different functions such as thermoregulation, 

cardiac rhythms, vasoconstriction and emotions and rhythmic production of melatonin 

(Demuro and Obici, 2006; Guyenet, 2006; Falcon, 1999; Saper, 2006; Gainotti, 2001). 

 

4.3.4 Pax6 function in hypothalamus development in mice 
 

Pax6 expression is also detected in the hypothalamus during neurogenesis indicating 

that it may play a role during the formation of this area (Vitalis et al., 2000; Stoykova et al., 

1996). For instance, in homozygous mutant Sey mice, the ventricular part of the 

hypothalamus is greatly disjointed and abnormally shaped suggesting that Pax6 is required 

to keep the adhesive properties between both lobes of the hypothalamus (Vitalis et al., 2000; 

Stoykova et al., 1996).  
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5. Regulation of PAX6 activity by alternative mRNA 

splicing, the exon 5a as an example 
 

Notably, the formation of the eye during development is not only triggered by the 

correct dosage of the PAX6 protein but also by the ratio between the different alternative 

PAX6 splice variants (Pinson et al., 2005; Chauhan et al., 2004). Therefore, it is essential to 

introduce the notion of alternative splicing and to illustrate it by a relevant example. 

In contrast to the constitutive splicing which is involved excising the introns of most 

pre-mRNAs (for review see Stamm et al., 2005), the alternative splicing is a mechanism 

excising the exons differentially according to the state or type of the cell. It is an extensively 

used process in eucaryotes allowing the biosynthesis of several proteins from only one single 

gene. The advantage of having such a mechanism is to regulate the translation of the mRNAs 

and to increase protein diversity and hence, the number of functions of the gene  (Graveley, 

2001; for review see Maniatis and Tasic, 2002). 

Several alternative splice isoforms of Pax6 were found in almost all chordate species 

studied to date (Glardon et al., 1998; Nornes et al., 1998; Kleinjan et al., 2004; Gorlov and 

Saunders, 2002; Mishra et al., 2002; Carriere et al., 1993). However, the specific function(s) for 

the majority of them were not examined in vivo because of either the difficulty presented by 

the model organism studied or redundant functions of the different isoforms. Until today the 

majority of the studies was focussed on the functions of one alternative PAX6 splice variant. 

This PAX6 isoform protein found to be conserved from fish to human, but it is absent in 

amphioxus. It is characterized by the presence of an alternative 42 bp exon (exon 5a) 

encoding a 14 amino acids sequence in the N-terminal subdomain of its paired domain (PD) 

(Epstein et al., 1994a; Epstein et al., 1994b; Azuma et al., 1999; Singh et al., 2002). The 

insertion of this exon in the PD acts in unmasking the DNA binding potential of the C-

terminal subdomain and thus giving the possibility to the protein to bind other DNA 

binding sites different form the canonical ones (Epstein et al., 1994a; Epstein et al., 1994b; 

Kozmik et al., 1997). Interestingly, the deletion of this exon 5a in mice by the Cre/loxP 

technique led to eye defects in the iris, cornea, lens, and retina (Singh et al., 2002). It was also 

reported in humans that a single base mutation in the exon 5a at the 20th nucleotide position 

resulting in a valine to asparagine substitution leads to severe eye defects (Azuma et al., 

1999).  
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6. Metamorphosis of the vertebrate eye 
 

6.1 Definition of the metamorphosis 
 

In most species of animals, embryonic development leads to a larval stage mostly 

different from the adult organism. During metamorphosis, developmental processes are 

reactivated by specific hormones and the entire larval organism changes its morphology, 

physiology and behavior to prepare itself for its new mode of adult existence. Hence, the 

metamorphosis is often a time of dramatic developmental changes affecting the entire 

organism. The best known examples are the transformation of a caterpillar into a butterfly or 

the transformation of a tadpole into a frog. In teleost fish, this phenomenon is characteristic 

of flatfish. 

 

6.2 The metamorphosis in amphibians and flatfish 
 

Amphibian metamorphosis is associated to several morphological, physiological and 

biochemical changes that prepare an aquatic organism for a primarily terestrial existence. 

During metamorphosis of anurans (frogs and toads) tadpoles, several regressive changes 

occur including the resorption of the tail, the loss of the internal gills and horny teeth. At the 

same time, constructive changes such as limb development are observed. In addition, the 

tadpole cartilaginous skull is replaced by the bony skull of the frog, the long intestine 

characteristic of herbivores is remodeled to acquire short gut characterisitics of carnivores, 

the lungs enlarge allowing the frog to breath atmospheric oxygen, the eyes move forward 

from their originally lateral position allowing binocular vision, etc. In summary, almost all 

the components of the body change radically during metamorphosis. Interestingly, several 

morphogen factors such as BMPs and SHH known to be involved in embryonic 

development, are recruited again for the remodeling of the organs during metamorphosis 

(Stolow and Shi, 1995; Ishizuya-Oka et al., 2001). 

Metamorphosis in flatfish transforms a pelagic symmetric larva into a benthic 

asymmetric one. During this transformation, the eye and the nostril migrate from one side of 

the head to the other side (this process is described more in details below). In parallel to 

these modifications, several other morphological, anatomical, biochemical and physiological 

changes occur in the whole organism (Evans and Fernald, 1993; Graf and Baker, 1983; 

Schreiber, 2001). Like metamorphosis in amphibians, the catilaginous skull of the flatfish 
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larva is replaced progressively by a bonny skull, the long intestine is remodelled to a short 

one, and the digestive enzymes are replaced by others more adapted to the new feeding 

regime. In addition, during the metamorphic process, the pigmentation of the body radically 

changes with the blind (under) side becoming entirely white, the telencephalon becomes 

asymmetric, the vestibulo-ocular pathways are radically reorganized allowing the animal to 

orientate in space, the opercular orifices change allowing the animal to be adapted to stay on 

the ground of the sea floor, etc (Medina et al., 1993; Brinon et al., 1993, Graf and Baker, 1983). 

Therefore, as in amphibians, almost all the components of the flatfish body change during 

metamorphosis.  

 

6.3 Hormonal control of metamorphosis 
 

The control of metamorphosis in amphibian and flatsfish is triggered by the thyroid 

hormones (THs). In 1912, Gudernatsch showed that tadpoles feeded with horse tyroid gland 

metamorphosed prematuraly. Four years later, Allen (1916) discovered that thyroidectomy 

of early tadpoles inhibited them to metamorphose and they grew into giant tadpoles in a 

complementary experiment. Subsequent studies gave rise to the treshold model postulating 

that the different events of metamorphosis are controlled by different concentrations of 

thyroid hormones (Saxen et al., 1957; Kollros, 1961; Hanken and Hall, 1988). For instance, the 

development of the limbs occurs early when the concentration of thyroid hormones are low. 

In contrast, the resorption of the tail, the remodelling of the intestine and the regression of 

the gills occur at the end of metamorphosis when the concentration of thyroid hormones are 

high. The process of metamorphosis is triggered by two thyroid hormones produced mainly 

in two different places. The thyroxine (T4) is secreted into the blood by the thyroid gland and 

is converted in the target tissue or into the blood in a more active form,  the tri-iodothyronine 

(T3) (Figure 18). The conversion of T4 into T3 is triggered by the activity of the type II 

deiodinase which removes an iodine atom from outer ring of the precursor T4. Thyroid 

hormones, principally T3, act by binding to the thyroid hormone receptors (TRs) and cause 

them to become transcriptional activators. Two types of TR genes have been discovered and 

named thyroid hormone receptor alpha (TRα) and thyroid hormone receptor beta (TRβ). In 

Xenopus, TRα is widely expressed in all the tissues of the organism and is present before the 

apparition of a thyroid gland. In contrast, TRβ expression is directly activated by THs.  
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Figure 18. Metabolism of the thyroid hormones during metamorphosis. The iodine atoms are 
indicated in red. From Gilbert, 2003. 

 

  
Hence, TRβ expression level is low before metamorphosis and increases as the 

metamorphosis process progresses (Yaoita and Brown, 1990; Eliceiri and Brown, 1994). TRs 

form heterodimers with the retinoic acid receptor (RXR) and bind to the thyroid response 

elements (TREs). These sequences generally consist of two half sites arranged as a direct 

repeat spaced by four nucleotides (DR4) (Umesono et al., 1991). They can also be 

palindromic elements (HREpal) (Glass et al., 1988; for review see Desvergne, 1994). It has 

been shown that in absence of the THs the TR-RXR heterodimer binds to co-repressors and 

represses transcription (Chen and Evans, 1995; Horlein et al., 1995). If THs are present, the 

TRs undergo a conformational change that induces the release of the co-repressors and the 

recruitment of co-activators (for review see McKenna et al., 1999). The T3–TR-RXR-co-

activators complex is thought to bind to the chromatin of its target genes and to activate 

these genes through a process involving histone acetylation (Sachs et al., 2001). 
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Metamorphosis is often divided into two stages: 

 

- During premetamorphosis, the thyroid gland starts to mature and secrets low levels of T4 

and very low levels of tri-iodothyronine (T3) into the blood. The initiation of thyroid 

secretion of T4 is brought by corticotropin releasing hormone (CRH) which direcly acts on 

the larvae pituitary gland in instructing it to release thyroid stimulating hormone (TSH) or 

renders the cells of the target tissues to be responsive to low level of T3 (Denver, 1993). In 

frogs, the limb rudiments have high levels of type II deiodinase so that TRα can convert T4 

into T3 and use this hormone directly to initiate leg growth (Becker et al., 1997; Huang et al., 

2001; Schreiber, 2001).  

- During the prometamorphosis stage, the T4 concentration in the blood increases 

dramatically and the TRβ expression levels insides the cells follow this increase until they 

reach a maximum at the metamorphic climax. At this stage, the TRβ is the principal TR that 

mediates the effects of the THs. At metamorphic climax, in the tail, TRβ expression is high 

and type II deiodinase is expressed leading to the beginning of the tail resorbtion process. 

Interestingly, the hormonal mechanisms of metamorphosis seem to be conserved 

between amphibians and flatfish (flounder and turbot). As in amphibians, this process is 

triggered by the THs and accordingly, these hormones are able to induce metamorphosis 

prematurely in young larvae (Inui and Miwa, 1985). In flounder, three TH receptors genes 

have been found : two TR alpha (TRαA and TRαB) and one TR beta (TRβ). The presence of 

two TRα  in several Teleost genomes is thought to be the consequence of a genome 

duplication event which occured within the Teleost lineage (Jaillon et al., 2004). During 

flatfish metamorphosis, when the level of T3 increases dramatically, TRαA and TRβ are 

strongly expressed whereas TRαB expression levels remains low. In contrast to Xenopus, 

TRαA shows the strongest induction of mRNA expression and not TRβ (Yamano et al., 1994; 

Yamano and Inui, 1995; Yamano and Miwa, 1998; Marchand et al., 2004). 

 

6.4 Metamorphosis of the eye in amphibians and flatfish 
 

As the majority of the other tissues of the body, the visual system of anurans and 

flatfish undergo dramatic changes during metamorphosis (for review see Hoskins, 1986). In 

anuran tadpoles, the eyes are located laterally on the head allowing them to benefit of a 

panoramic vision, a case typical of animals with a herbivore regime. During metamorphosis, 

the eyes move forward from their originally lateral position allowing the animal to see in 
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three dimensions and hence, to be adapted to a more predatory lifestyle. Thus, the animal 

acquires a binocular vision wherein the input of both eyes converges into the brain. In the 

tadpole, the right eye innervates the left side of the brain whereas the left eye innervates the 

right side. During metamorphosis, ipsilateral projections of the retinal neurons into the brain 

emerges, enabling both eyes to reach the same area of the brain (Hoskins and Grobstein, 

1985c; Hoskins and Grobstein, 1985b; Hoskins and Grobstein, 1985a).  

An other interesting modification observed during metamorphosis of the Xenopus 

eye is the patterning of retinal proliferation. The premetamorphic tadpole retina grows by 

proliferating symmetrically at the ciliary marginal zone (CMZ). During metamorphosis, the 

CMZ of the retina grows in size ventrally but not dorsally and remains asymmetric until 

adulthood (Beach and Jacobson, 1979b; for review see Mann and Holt, 2001). Therefore, the 

adult frog retina is derived from ventral CMZ cells. Since this process is blocked by 

chemicals inhibiting the production of THs and induced by the addition of exogenous THs, 

the shift from symmetric to asymmetric growth is THs dependent (Hoskins and Grobstein, 

1984; Beach and Jacobson, 1979a). Interestingly, Beach and Jacobson (1979) have shown by 

eye inversion studies that the growth pattern of the retina at metamorphosis is determined 

during embryogenesis before the development of a functional thyroid gland. This suggests 

the presence of a factor involved in metamorphosis already at this early stage. Twenty years 

later, Brown and colleagues (1999) discovered that this factor is type 3 deiodinase (D3). This 

enzyme removes a iodine atom from the inner ring of the T3 (Figure 18) to convert it into an 

inactive coumpound that will be eventually be metabolized to tyrosine (Becker et al., 1997). 

Thus, the tissues diplaying a D3 activity are protected from the THs effects. In Xenopus, the 

D3 gene is expressed in the dorsal CMZ at early stages of development until metamorphosis. 

In contrast, the D3 activity in the eye is low before and after metamorphosis and becomes 

high only at metamorphic climax protecting the dorsal CMZ from the proliferative effect of 

the T3 (Marsh-Armstrong et al., 1999).   

In flatfish, the process of metamorphosis at the level of the eye is still more dramatic. 

At the beginning of metamorphosis, one eye starts to migrate from one side along (or across) 

the back to the other side of the body (Figure 19). Hence, the pelagic symmetric larva  (figure 

19A) transforms into a benthic asymmetric juvenile (Figure 19C). In addition, during 

metamorphosis the structure of the retina radically changes. Before this process, the larval 

retina contains only cone photoreceptor cells whereas afterwards, rod and double cone 

photoreceptor cells appear (Evans and Fernald, 1993; Mader and Cameron, 2004).  
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Figure 19. Metamorphosis of the eye in Bothus ocellatus. (A) Before metamorphosis, there is 
one eye on each side of the body. (B) During metamorphosis, a hole is formed between the dorsal 
fin and the back where the right eye pass throughout to go to the left side. (C) After the eye 
has finished to migrate, the hole is closed.  
From http://www.nmnh.si.edu/vert/fishes/larval/pleur.html 

 

 

7. Presentation of the models used during this study 
 

7.1 Why to study fish ? 
 

The fish belong to the oldest and most important group of vertebrates appearing 

about 470 million years (Myr) ago, and comprising about 23,800 known currently living 

species distributed over about 4,265 genera. The diversity of the fish taxon is therefore 

exceptional at all levels of organisation (from the anatomical, functional and behavioural 

point of view). In comparison, mammals count only 5,500 species distributed over about 

1,200 genera. 

Part of the wide variability that fish exihibit has been attributed to a whole genome 

duplication event which is thought to have occured at the emergence of the Teleost lineage 

about 250 Myr ago (Jaillon et al., 2004). After this event, the genomes of the different Teleost 

lineages have evolved independently due to different environmental pressures. The selective 

pressure has induced several changes which are thought to have principally occured in the 

cis-regulatory elements of the pre-existing genes and also resulted in the formation of new 

chimeric genes acquiring new functions (Levine, 2002). 
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The comparison of divergent Teleosts will provide insights into the evolution of the 

genetic and biochemical networks controlling development, hormone biosynthesis, etc. and 

the plasticity of these regulatory networks.   

 

7.2 The zebrafish as a model 
 

The zebrafish (Danio rerio) is a fresh water teleost fish species described by Hamilton 

in 1822 belonging to the Cyprinid family belonging to the class of ray-finned fishes 

(Actinopterygii) (Figures 20 and 21). The cyprinids appeared about 160-110 Myr at the 

beginning of the Euteleost lineage indicating that the last common ancestor of cyprinids and 

mammals existed about 450 Myr ago (Wittbrodt et al., 2002). The haploid zebrafish genome 

is about 1.7 gigabases in size, divided into 25 chromosomes. The zebrafish is currently the 

most studied Teleost species in laboratories. The advantages are: a small size allowing to 

raise them in a great number in relatively small tanks. In addition, its sexual maturity is 

reached after three months and a female can lay up to 200 eggs every two weeks. 

Furthermore, the observation of its rapid embryonic development is largely facilited through 

its transparency until the end of the first day of development (Figure 20B).  

 

7.3 The turbot as a model 
 

The turbot (Scophthalmus maximus) is a seawater flatfish species described by Linneus 

in 1758 belonging to the order of pleuronectiforms and the Scophthalmidae family. Its 

geographic distribution extends from 68°N in Europe to 30°N Morocco. This species is absent 

in the black sea. The pleuronectiform order gathers Teleosts displaying a “true” 

metamorphosis transforming a symmetric larva into an asymmetric juvenile, an unique case 

among vertebrates (Figure 22). 
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Figure 20. Photographs of zebrafish. (A) A small group of adult zebrafish is shown. From 
www.openscience.it/ opendanio.htm. (B) Embryonic development in the zebrafish. In this species, 
the neurulation starts at 9 hpf (90% epiboly stage) and the optic vesicles develop at 12 hpf (9-
10 somites stage). At 24 hpf (Prim-5 stage), the optic cups are already formed. 

 
 
 

 

 

 

A 
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Figure 21. Phylogenetic tree of the Teleost group. From Lauder and Liem, 1983. 

 
 

In addition, these species are very interesting because of their phylogenetic position 

(Figure 21). Their last common ancestor with other Teleosts appeared recently at about 50 

Myr ago and they are classified as sister group of Tetraodontiforms, a group including the 

pufferfish (Lauder and Liem, 1983). In addition to the proper characteristics of the flatfish 

group mentionned before, the turbot was choosen as a model for this thesis for several 

additional reasons. First, the turbot embryos, larvae, juveniles and adults are available 

almost all the year around at “France Turbot” in Noirmoutier. Second, the metamorphosis in 

turbot starts earlier (at 20 days post-hatching) and is quicker (around 15 days) compared to 

other flatfish species such as flounder (Appendix 1). Third, the turbot displays a high fertility 

averaging about 430,000 eggs per kilo of female allowing to dispose of a large quantity of 

biological material to carry out experiments.  
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Figure 22. Photographs showing premetamorphic larvae (A), a metamorphic larva (B) and 
adults (C) of turbot. Note that in (A), the larvae are symmetric with an eye on each side of the 
body. In (B) the right eye has started to migrate and is located on the back of the metamorphic 
larva. In (C) the adult turbots are asymmetric with both eyes on the left side of the body. (A) 
From www.uncw.edu/cmsr/aqf/larval.htm and (C) from www.ridder.punt.nl/index.php. 

 

 

8. Aims of this PhD thesis 
 

As discussed before, the majority of the studies that have been conducted on the 

development of the central nervous system (CNS) and photoreceptive organs in vertebrates 

were performed in rodents. Indeed, these mammalian models display a close genetic 

relationship with human as well as several technical advantages. However, the study of 

ectotherms including Teleost fish species should not be omitted because they represent 

model systems allowing to better understand the genetic mechanisms patterning the CNS 

and photoreceptive organs and to study how they have evolved among the vertebrates. 

Moreover, the retina and the pineal gland in these species represent a comparative paradigm 

A B 

C 
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to study the molecular and cellular mechanisms controlling the formation and the functions 

of the photoreceptive organs in vertebrates.   

Therefore, during this thesis, we were interested particularly in the development of 

the epiphysis and retina in two phylogenetically distant Teleost fish species, namely the 

zebrafish and the turbot, and we investigated mainly the following three questions:   

 

-  How are the photoreceptive and melatonin biosynthesis functions in the fish pineal 

gland and retina established during development?  

- Is the establishement of the mechanisms triggering these functions conserved during 

Teleost evolution? 

- Are the mechanisms controlling CNS and photoreceptive organs development conserved 

during vertebrates evolution?  

 

To answer these questions, we performed a detailed study of the establishment of the 

pineal functions during embryonic and larval development in zebrafish and turbot by using 

a multi-disciplinary approach. We focused especially on the transcriptional regulation of the 

genes encoding the two last enzymes involved in the melatonin biosynthesis pathway and a 

specific photopigment molecule of the epiphysis. The results presented in the next section 

allow us to conclude that the pineal gland rather than the retina mediates photic response 

during early stages of development in Teleost fish. However, they also suggest that the 

establishment of the molecular mechanisms controlling the embryonic pineal functions have 

been modified during evolution of the Teleosts. 

Then, we focused on the turbot to examine the retinal metamorphosis. The 

preliminary results suggest that this process and the one described in Xenopus, are 

convergent.  

Finally, we characterized by several in vivo and in vitro experiments two alternative 

Pax6 splice variants in zebrafish and examined their functions in the CNS and in 

photoreceptive organs by a gene knock down approach. The results suggest that the genetic 

networks controlling eye and brain patterning are highly conserved between zebrafish and 

mice.  
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Chapter 2 
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9. Materials and Methods 
 

9.1 Materials 
 

9.1.1 Experimental animals 
 

Adult zebrafish were kept at 28.5°C on a 14 hours light/10 hours dark cycle, and 

embryos were obtained by natural mating (Westerfield, 1993). Embyros destinated to whole 

mount in situ hybridization were raised in 0.2 µM phenylthiocarbamide (PTU) (Sigma) from 

12 hpf to prevent pigment formation.  

Embryos, larvae and juveniles of turbot (Scophthalmus maximus) were obtained from 

France Turbot (Noirmoûtier, France) where they were reared in seawater at 16°C, as detailed 

elsewhere (Person-Le-Ruyet, 1989). 

Fruitfly (Drosophila melanogaster) were reared on standard medium at 25°C for 

working purpose and kept at 18°C for maintenance. 

 

9.1.2 Degenerated and specific primers  
 

The degenerate primers used to clone the partial cDNA of the S. maximus Pax6, Bmp4, 

Bmp2, Aanat1, Aanat2,  Hiomt and D3 genes are indicated in Appendix 2. All the specific 

primers used to clone the full-length of these genes can be found in the research articles 

presented in chapter 3. 

The specific primers used for the quantitative PCRs were designed with the Primer3 

software (Rozen and Skaletsky, 2000) and are presented in Appendix 3. 

 

9.1.3 Constructs 
 

- In vitro translation constructs: 

  

Pax6.1c: the full-length sequence of zebrafish Pax6.1c cDNA was subcloned into pBluescript 

II SK (Stratagene) (kindly provided by Dr. Krauss).  
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Pax6.2c: the full-length sequence of zebrafish Pax6.2c cDNA was subcloned into pBluescript 

II SK (Stratagene) (kindly provided by Dr. Krauss). 

Pax6.2(2a): the full-length sequence of zebrafish Pax6.2(2a) cDNA was subcloned EcoRI/XhoI 

into pBluescript II  KS (Stratagene).  

 

- Cell transfection constructs :  

 

pcDNA3-Pax6.2c: the full-length zebrafish Pax6.2c cDNA in pBSII SK was subcloned 

EcoRI/XhoI into pcDNA3 (vector kindly provided by Dr. Genevière). 

pcDNA3-Pax6.2(2a):  the full-length zebrafish Pax6.2(2a) cDNA in pBSII KS was subcloned 

EcoRI/XhoI into pcDNA3. 

 

- Fly constructs:  

 

UAS-Pax6.2c: the full-length zebrafish Pax6.2c cDNA in pBSII SK was subcloned EcoRI/XhoI 

into pUAST (vector kindly provided by Dr. Seimya).  

UAS-Pax6.2(2a): the full-length zebrafish Pax6.2(2a) cDNA in pBSII KS was subcloned 

EcoRI/XhoI into pUAST.  

 

- In vivo translation constructs:  

 

T7N2eGFP: the T7 promotor from pBSII KS was inserted into the NheI/SacI restriction sites 

of N2eGFP (Clontech) (vector kindly provided by Dr. Schwartz). 

T7N2eGFPM N: the first methionine of eGFP of the T7N2eGFP vector was mutated to 

asparagine. 

6.2UTR/eGFP: the 5’UTR and partial ORF of a Pax6.2c (bases 17 to 375) cDNA fragment 

amplified by PCR was subcloned EcoRI/BamHI into T7N2eGFP. 

6.2(2a)UTR/eGFP: the 5’UTR and partial ORF of a Pax6.2(2a) (bases 17 to 446) cDNA 

fragment amplified by PCR was sublconed EcoRI/BamHI into T7N2eGFP. 

6.2UTR/T7N2eGFPM N: the 5’UTR and partial ORF of a Pax6.2c (bases 17-330) cDNA 

fragment amplified by PCR was subcloned EcoRI/BamHI into T7N2eGFPM N. 

6.2(2a)UTR/T7N2eGFPM N: the 5’UTR and partial ORF of a Pax6.2(2a) (bases17-401) cDNA 

fragment amplified by PCR was subcloned EcoRI/BamHI into T7N2eGFPM N. 
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6.2UTR1mut/T7N2eGFPM N: the second putative start codon of the Pax6.2c cDNA in 

6.2UTR/T7N2eGFPM N was mutated from methionine to asparagine. 

6.2UTR2mut/T7N2eGFPM N: both putative start codons of the Pax6.2c cDNA in 

6.2UTR/T7N2eGFPM N were mutated from methionine to asparagine. 

6.2(2a)UTR1mut/T7N2eGFPM N: the putative start codon of the Pax6.2(2a) cDNA in 

6.2(2a)UTR/T7N2eGFPM N was mutated from methionine to asparagine. 

 

9.1.4 Details of the RNA probes for in situ hybridization on whole mount 

and sections 

 

ZfAanat2: the probe corresponds to a partial fragment (990 bp) of the ZfAanat2 cDNA 

(kindly provided by Dr. Gothilf) 

ZfPax6.1: the probe corresponds to the full-length Pax6.1 cDNA (kindly provided by Dr. 

Krauss) 

ZfPax6.2: the probe corresponds to the full-length Pax6.2 cDNA (kindly provided by Dr. 

Krauss) 

ZfOtx5: not detailed (kindly provided by Dr. Gamse) 

ZfVax1: the probe corresponds to a partial fragment (450 bp) of the ZfVax1 cDNA (kindly 

provided by Dr. Wilson) 

ZfVax2: the probe corresponds to a partial fragment (450 bp) of the ZfVax2 cDNA (kindly 

provided by Dr. Wilson) 

ZfEmx3: the probe corresponds to a partial fragment (bases: 26-810) of the Emx3 cDNA  

ZfDlx2: the probe corresponds to a partial fragment (bases: 681-1620) of the Dlx2 cDNA  

ZfPax2b: the probe corresponds to a partial fragment(bases: 1231-2745)  of the Pax2b cDNA  

ZfSix3b: the probe corresponds to a partial fragment (bases: 381-1520) of the Six3b cDNA  

ZfNgn1: the probe corresponds to a partial fragment (bases: 131-1220)of the Ngn1 cDNA  

ZfExR: the probe corresponds to a partial fragment (575 bp) of the ExR gene cDNA (kindly 

provided by Dr. Falcon) 

ZfFlh: the probe corresponds to a partial fragment (bases: 71-875) of the Flh cDNA  

SmBmp2: the probe corresponds to a partial fragment (bases: 224-1634)of the SmBmp2 cDNA  

SmBmp4: the probe corresponds to a partial fragment (bases: 46-1170) of the SmBmp4 cDNA  

SmOtx5: the probe corresponds to a partial fragment (bases: 218-1280) of the SmOtx5 cDNA  
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SmAanat2: the probe corresponds to a partial fragment (bases: 399-1315) of the SmAanat2 

cDNA  

SmHiomt: the probe corresponds to a partial fragment (bases: 202-1027)of the SmHiomt 

cDNA  

SmD3: Two probes corresponding to the full-length D3 cDNA. 

 

9.1.5 Sequence of the morpholinos used to inject zebrafish embryos 
 

- Morpholinos targeting the first putative start codon of zebrafish Pax6c: 

 
Mo3 (complementing bases Pax6.1: 489-513 ; Pax6.2: 261-285): 

5’GGTTATAGTATTCTTTTTGAGGCAT 3’  

Pax6.1cMo (complementing bases 481-505): 5’TATTCTTTTTGAGGCATAGTTCCAA3’ 

Pax6.2 cMo (complementing bases 254-278): 5’GTATTCTTTTTGAGGCATTCTGCTC3’ 

 

- Morpholinos targeting the putative start codon of Pax6(2a): 

 

MoV (complementing bases Pax6.1: 543-567; Pax6.2: 315-339): 

5’CGCCACTGTGACTGTTTTGCATCAT 3’ 

MoV2 (complementing bases Pax6.1: 537-561; Pax6.2: 309-333): 

5’TGTGACTGTTTTGCATCATGGACGC 3’ 

 

- Control morpholinos: 

 

Standard control Mo (StdMoC): 5’CCTCTTACCTCAGTTACAATTTATA 3’  

MoV2 with 5 mutations (MoV25mut): 5’TGTAACTGTTGTGCATTACGGATGC3’ 
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9.2 Methods 
 

Standard molecular methods including standard RT-PCR, DNA purification, PCR 

fragment cloning, chemically-competent or electro-competent cells transformation, 

minipreps, in vitro transcription of dig-labeled RNA probes and RNA extraction were 

performed according to the manufacturer protocol and will not be further described. Only 

protocols less commonly used are described in this section.  

 

9.2.1 RT-PCR and real time quantitative PCR 
 

Reverse transcription of mRNA of turbot and zebrafish was carried out with the 

Superscript II first strand synthesis kit following the standard protocol (Invitrogen). PCR 

were performed with the Advantage 2 polymerase mix kit following the standard protocol 

(Clontech).  

The real time quantitative PCR was performed in using a Light Cycler (Roche) and 

QuantiTectTM SYBR® Green PCR kit (Qiagen). The standard amplification protocol was as 

follows: 15 minutes at 95°C, 15 seconds at 94°C, 20 seconds at 56-58°C, 10 seconds at 72°C 

over 50 cycles. The fluorescence of the amplified products was detected 5 seconds at 76°C 

after the elongation step. 

 

9.2.2 Bioinformatics sequence analysis 
 

Deduced full-length amino acid sequences of cloned genes were aligned using 

PipeAlign (Plewniak et al., 2003). The Phylo_win version 2.0 software program was used to 

infer phylogenetic trees (Galtier et al., 1996). After gaps removing, trees were inferred by the 

Neighbor Joining method (NJ). The degree of support for internal nodes was assessed using 

1000 bootstrap replications. Sequences were analyzed by BLASTP (Altschul et al., 1997) and 

PROSITE motif search (Bairoch et al., 1997).  

 

9.2.3 In vitro translation of mRNA 
 

In vitro translation was performed with the TNT Coupled Reticulocyte Lysate System 

(Promega) as described by the manufacturer protocol.  



 60

Full-length Pax6.1c and Pax6.2c cDNAs were transcribed with the T3 polymerase and the 

full-length Pax6.2(2a) cDNA with the T7 polymerase. Synthetized 35S methionine 

radiolabeled proteins were loaded on a 12% acrylamide gel and detected by 

autoradiography. 

 

9.2.4 Cell transfection and western blot 
 

HeLa human cells were transfected with 3 µg of the pcDNA3-Pax6.2c and pcDNA3-

Pax6.2(2a) constructs with the lipofectamine reagent (Invitrogen) following the manufacturer 

protocol. Preparation and immunoblotting of protein extracts from transfected HeLa cells 

was carried out as described previously (Even et al., 2006). To detect zfPAX6s, a rabbit 

polyclonal antibody targeting the carboxyl terminal end of the protein (Covance) was used at 

a dilution of 1:2000. Secondary antibodies coupled to horseradish peroxydase and an ECL 

Plus kit (Amersham) was used for the photodetection.    

 

9.2.5 Preparation of the samples for in situ hybridization and antibody 

staining 

 

- Whole mount samples for in situ hybridization and antibody staining 

 

Embryos and larvae of turbot and zebrafish were fixed in 4% paraformaldehyde 

(PFA) overnight (O/N) at 4°C. They were then washed three times 5 min. in PBS, 

dechorionate if needed with forceps in PBS, and washed three times 5 min. in methanol. 

Finally, they were stored in methanol at -20°C during at least 2 hours. 

 

- BrdU labeling and sections for BrdU histochemistry and in situ hybridization 

 

Larvae, metamorphic larvae and juveniles of turbot were soaked in a 100 µM, 1 mM 

and 10 mM BrdU (Sigma) solution, respectively, during two days. They were then removed 

and fixed in a 4% PFA solution overnight at 4°C. For larvae older than 17 dph (days post-

hatching), the eyeballs were removed from the head. After several washes in PBS, the larvae 

and eyeballs were dehydrated in graded series of PBS/gylcerol/sucrose solutions (Besseau 
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et al., 2006), included in Tissue Freezing Medium (Jung) and frozen in dry ice. They were 

then sectioned (30-40µm) using a Leica CM1900 cryotome and dried at 37°C O/N.  

The preparation of the sample sections destinated to the in situ hybridization were 

carried out  with the same protocol as above except the BrdU labeling step. 

 

9.2.6 In situ hybridization 
 

The following protocol for the in situ hybridization is adapted from (Thisse et al., 2004). 

Rehydratation: Samples stored in methanol at -20°C were rehydrated in PBST with 5 gradual 

washes of methanol/PBST with the two last washes in PBST only. 

Permeabilization: For whole mount samples, they were digested in proteinase K (10µg/ml) 

in PBST at room temperature (RT) during different times according to the developmental 

stage. For gastrulae 1 min., neurulae 4 min., early somitogenesis 10 min., organogenesis 20-45 

min. For sections, the proteinase K (5µg/ml) treatment was carried at 37°C during 15 min. 

Fixation: The samples were fixed in 4% PFA during 20 min. at RT. 

Washes: Samples were washed 5 times 5 min. in PBST. 

Prehybridization: Samples were prehybridized in hybridization buffer (HB) during at least 4 

hours at 67°C.  

Hybridization: The hybridization was performed in HB O/N at 67°C with 1 µg/ml 

digoxygenin (dig) labeled riboprobe.  

Washes: Samples were washed once at 67°C during 15 min. in each solutions of 

75%HB/SSC2x, 50%HB/SSC2x, 25%HB/SSC2x and SSC2x and finally two times 30 min. in 

SSC0.2x. 

Blocking:  The samples were washed once 5 min. in blocking solution (BS) before to be 

blocked in BS during 6 hours at RT. 

Immuno: Preabsorbed alkaline phosphatase conjugated anti-dig antibodies (Roche) were 

added to the samples at a dilution of 1:2000 in BS and incubated O/N at 4°C. 

Washes: The samples were then washed 7 times 15 min. in PBST at RT. 

Staining buffer: They were incubated in staining buffer (SB) with two washes of 10 min 

each. 

Detection: The substrate (BM purple, Roche) of alkaline phosphatase was added to the 

samples and the reaction was carried out in the dark. The detection was followed under a 

microscope. 
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Solutions 

BS: 2 mg/ml BSA and 3% goat serum in PBST, pH 7.4 

HB: 50% formamide, SSC5x, Tween20 0.1%, Heparin 50 µg/ml, tRNA 500 µg/ml, pH 6 

SB: 0.1M Tris-HCl, 0.1 NaCl, 50mM MgCl2, Tween20 0.1%, pH 9.5 

 

9.2.7 BrdU histochemistry 
 

The following protocol is adapted from (Strickler et al., 2002). 

Rehydratation: Dried sections were rehydrated in two washes of PBST during 5 min.  

Permeabilization and inactivation of the enzyme: They were then incubated in 0,05% 

trypsin with 0,05% CaCl2 in PBS at 37°C during 10 minutes. Inactivation of the enzyme was 

carried out in 10 mg/ml trypsin inhibitor in PBS during 10 minutes. 

Denaturation: The denaturation of the DNA was carried out in 4M HCl during 23 min. at 

RT.  

Washes and blocking: The sections were then washed two times 5 min. in PBST and 

incubated 30 min. in BS. 

Immuno:  They were incubated in a primary antibody (mouse Anti-BrdU, Sigma) at a 1:1000 

dilution in BS during 2 hours at RT.  

Washes and blocking: The sections were then washed three times 5 min. and once 1 hour in 

BS. 

Immuno: they were incubated in a secondary antibody (Anti-mouse FITC conjugated, 

Sigma) at a 1:500 dilution in BS during two hours.  

Washes and mounting: After six washes of 10 minutes in PBST and one in PBS they were 

mounted in 100% glycerol with DABCO (0.3%). Fluorescent staining was examined with an 

epifluorescence microscope. 

 

9.2.8 Microinjection of zebrafish embryos 
 

Microinjection of the Mo3, Pax6.1 Mo, Pax6.2 Mo, MoV, MoV2, MoC and 

MoV25mut morpholinos and the 6.2cUTR/eGFP, 6.2(2a)UTR/eGFP, 

6.2cUTR/T7N2eGFPM N, 6.2(2a)UTR/T7N2eGFPM N, 6.2cUTR1mut/T7N2eGFPM N, 

6.2cUTR2mut/T7N2eGFPM N and 6.2(2a)UTR1mut/T7N2eGFPM N mRNA constructs was 

carried out as described in (Gilmour, 2002). Briefly, 1-4 nl of mRNA and/or Mo were injected 
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into the cytoplasm of one to four cell stage embryos with an Eppendorf micromanipulator. 

Injected embryos were then reared with gentamycin (concentration) in an incubator at 28.5°C 

under a 14/10 LD cycle before to be fixed at different developmental stages. 

 

9.2.9 Antibody staining 
 

The following protocol is adapted from (Schulte-Merker, 2002). 

Rehydratation: The mRNA injected zebrafish embryos were rehydrated from methanol as 

described in the in situ hybridization protocol. 

Blocking and immuno: Samples were then incubated in BS during 4 hours at RT before to be 

incubated in preabsorbed primary antibody (rabbit anti-GFP, Torrey Pines Biolabs) at a 

dilution of 1:1000 in BS O/N at 4°C. 

Washes and blocking : Embryos were washes 4 times 10 min. in BS before to be incubated 1 

hour in BS at RT. 

Immuno: They were then incubated in an alkaline phosphatase conjugated anti-rabbit 

secondary antibody (Zymed) at a dilution of 1:300 in BS O/N at 4°C. 

Washes, staining buffer and detection: The protocol was the same as described for the in 

situ hybridization experiment.  

 

9.2.10 Microinjection of Drosophila embryos 
 

Microinjection of the fruitfly embryos was carried out as described in (Rubin and 

Spradling, 1982). Briefly, eggs were precollected for 1-2 hours in a dark place. They were 

discarded and new eggs were collected for 20-30 min. After dechorionation with 3% sodium 

hypochlorid during 2 min., the eggs were washed with tap water and then with wash 

solution. They were again washed with tap water and transfered on a grape juice plate 

where they were aligned. The embryos were then stamped on a slide with a stripe of Scotch 

double sticky tape and dried under a hairdryer during 4 min. The dried embryos were 

covered with Voltalef 10S oil to prevent further drying. The pUAS-Pax6.2c and pUAS-

Pax6.2(2a) DNA constructs (150 ng/µl) were then coinjected in the posterior part of the 

embryos with a helper DNA plasmid (100 ng/µl) under constant flow.  
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Chapter 3 
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             n adult ectothermic vertebrates, the photoreceptive, circadian and endocrine 

functions of the retina and pineal gland have been previously well studied (reviewed in 

Falcon, 1999) whereas their establishment during embryonic development remains relatively 

unknown. In addition, the few studies which have been carried out on this subject are 

contradictory (Kazimi and Cahill, 1999; Delaunay et al., 2000; Ziv et al., 2005).  

In order to resolve these conflicting results and to get insights concerning the 

establishment of the different pineal functions, we examined the expression pattern of two 

marker genes of this organ during zebrafish development. 

In the next section, the results of this study are presented. 
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10. Starting the Zebrafish Pineal Circadian Clock 

with a Single Photic Transition 
 

  

10.1 Abstract 
 

The issue of what starts the circadian clock ‘ticking’ was addressed by studying the 

developmental appearance of the daily rhythm in the expression of two genes in the 

zebrafish pineal gland that are part of the circadian clock system. One encodes the 

photopigment exorhodopsin (ExR) and the other the melatonin synthesizing enzyme 

arylalkylamine N-acetyltransferase (AANAT2). Significant daily rhythms in Aanat2 mRNA 

abundance were detectable for several days following fertilization in animals maintained in a 

normal or reversed lighting cycle providing 12 h of light and 12 h of dark. In contrast, these 

rhythms do not develop if animals are maintained in constant lighting or constant darkness 

from fertilization. In contrast to ExR, rhythmicity of Aanat2 can be initiated by a pulse of light 

against a background of constant darkness, by a pulse of darkness against a background of 

constant lighting, or by single light-to-dark or dark-to-light transitions. Accordingly, these 

studies indicate that circadian clock function in the zebrafish pineal gland can be initiated by 

minimal photic cues, and that single photic transitions can be used as an experimental tool to 

dissect the mechanism which starts the circadian clock in the pineal gland. 

 

10.2 Introduction 
  

Life on earth is characterized by a 24-hour pattern of activity, reflecting the solar day. 

In essentially all forms, these rhythms are not directly controlled by the light/dark cycle, but 

reflect the action of an endogenous timing mechanism - the circadian clock - which exhibits a 

~24 hour period. In addition, mechanisms exist through which the environmental lighting 

cycle synchronizes circadian rhythms with light-to-dark and dark-to-light transitions.  

In contrast to the significant progress made in understanding the molecular basis of 

circadian clocks and how light acts on the clock (Vallone et al., 2004; Sato et al., 2004), scant 

progress has been made in understanding the fundamental question of what initially starts 

the clock ‘ticking’ - as defined by producing a coordinated output signal - and whether a 
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photic perturbation is required. This issue is of interest and importance in view of the 

fundamental role that circadian rhythms play in biology.  

The question of whether the vertebrate circadian clock function develops 

autonomously or requires an external trigger has been investigated in zebrafish, at the 

molecular, physiological and behavioral levels. This has generated conflicting results. For 

example, studies on the transcription factor zPer3, a component of the circadian clock 

machinery, are at odds: expression was reported to oscillate under constant darkness (DD) by 

one group (Delaunay et al., 2000) but not by another using transgenic embryos expressing 

luciferase under control of the zPer3 promoter (Kaneko and Cahill, 2005). It is clear that 

conclusions regarding clock function can not be based on observations of zPer3 expression 

alone, because zPER3 is just one among other components of the clock machinery; accordingly 

it may not be a reliable indicator of the functional state of the clock. Other approaches in 

which physiological and behavioral endpoints have been used are also problematical because 

the endpoints are a reflection of factors other than clock development, including downstream 

processes and the mechanisms linking the two (Kazimi and Cahill, 1999; Hurd and Cahill, 

2002). Accordingly, studies using these systems may not provide an entirely reliable 

indication of clock function. 

An experimental approach which circumvents these limitations is the measurement of 

Aanat2 mRNA in the fish pineal organ.  The pineal organ is generally considered a master 

circadian clock in fish, and is of special experimental value because each pinealocyte contains 

all elements of a circadian system - a photoreceptor, a clock, and an output (Falcon, 2006), i.e., 

mRNA encoded by the arylalkylamine N-acetyltransferase-2 (Aanat2) gene. Aanat encodes the 

next-to-last enzyme in vertebrate melatonin synthesis and Aanat2 expression in the adult is 

controlled by integral elements of the molecular circadian clock, thereby providing a reliable 

marker of clock function (Appelbaum et al., 2005; Chen and Baler, 2000; Chong et al., 2000; 

Gothilf et al., 1999). In addition, measurement of Aanat2 mRNA, is superior to the 

measurement of melatonin release from intact embryonic zebrafish, which has been used to 

study clock function (Kazimi and Cahill, 1999), because melatonin synthesis is regulated not 

only by the clock, but also by a downstream gating mechanism through which light acts to 

rapidly switch off melatonin production, without necessarily having immediate effects on 

clock function. As a result, it is not possible to study clock function in constant light, because 

light masks the output. However, measurement of Aanat2 mRNA eliminates this limitation 

because light does not have an immediate effect on this parameter.  
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In the current study, we have examined the relationship between lighting and the 

rhythmic expression of zebrafish Aanat2 and of another clock related gene, exorhodopsin (ExR), 

which encodes the photopigment thought to mediate photic control of the pineal clock (Mano 

et al., 1999). Our experiments addressed the issue of whether minimal photic perturbations 

can initiate circadian expression of each of these genes in the embryonic zebrafish pineal 

gland. Previous studies raised this possibility, because Aanat2 mRNA transiently increased 

after exposure to a single 1 hour light pulse against a background of constant darkness (Ziv et 

al., 2005). The nature of the controlling mechanism was investigated here, to determine 

whether this increase was a transient one-time response to the light pulse (Ziv et al., 2005) or 

represented the initiation of a circadian rhythm. The results establish that circadian 

rhythmicity is initiated by a single light pulse and extend this finding by revealing that 

rhythmicity can also be initiated by a single dark pulse or by single photic transitions (light-

to-dark: L→D, or dark-to-light: D→L). Moreover, our findings indicate that clock function is 

initiated before the retina can detect light and at a time when the pinealocyte is anatomically 

immature.  

 

10.3 Materials and methods 
 

10.3.1 Animals 

 

Adult zebrafish were kept at 28.5°C on a 12/12 light/dark (LD) cycle. Light was 

provided by fluorescent lamps (λ = 400-700 nm; Nominal TX Universal aquarium lamps 

(IRC70-Lumen/W70), Actizoo, Beaufort La Vallée, France); the intensity at tank level was 

5000 lux. Fertilized eggs were usually obtained in the morning shortly after lights on. They 

were incubated at the same temperature and under the indicated photoperiodic conditions 

(see Results section and legends of the figures). Embryos were collected at different 

developmental stages. Dark samples were maintained in the dark until time of collection; dim 

red light used for night collections was provided by 230V/15W red bulbs (PF712E, Philips, 

Suresnes, France), with an intensity not exceeding 6 lux at the level of the embryos.   

For the whole-mount in situ hybridization, pigmentation of the embryos was 

prevented by addition of 0.2 mM phenylthiourea to the egg water at 24 h post-fertilization 

(hpf).  

Animal experimentation was conducted in accord with accepted standards of humane 
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animal care (principles set out in the Declaration of Helsinki). 

 

10.3.2 Whole-mount in situ hybridization 
 

At the end of the incubation time, embryos were fixed overnight in 4% 

paraformaldehyde (PFA) in phosphate buffer saline (PBS) at 4°C, transferred to 100% 

methanol and stored at -20°C.  

Whole-mount ISH was done using commercially available kits according to the 

manufacturer’s instructions (Roche, Meylan, France). Sense and antisense digoxygenin (Dig)-

labeled zfAANAT2 riboprobes corresponding to a 900 bp cDNA of Aanat2 (accession number: 

AF124756) were generated as described (Gothilf et al., 1999). The Dig-labeled ExR probes were 

generated from a fragment corresponding to bp 28-602 from ExR (accession number: 

AB025312) inserted in the Topo vector (Invitrogen, Meylan, France). All probes (1 µg/ml) 

were hybridized at a temperature of 68°C, and detection was performed using alkaline 

phosphatase (AP)-conjugated anti-digoxigenin antibodies, and AP substrate (Roche, Meylan, 

France). For each embryo, intensity of the staining was submitted to triple evaluation by three 

independent observers, within a scale of 0 (no staining at all) to 4 (highest signal intensity) 

(Delaunay et al., 2000)). Preliminary studies indicated that densitometry measurements on 

black and white photomicrographs gave similar results as also shown elsewhere (Gothilf et 

al., 1999)). 

Statistics and data plotting were performed using the Instat-3 and PRISM-4 softwares 

(GraphPadTM). Each time point included 5 to 10 individuals, and all embryos from a given 

experiment were treated simultaneously. Data are presented as the mean ± S.E.M.; they were 

analyzed by one-way or two-ways ANOVA. One-way ANOVA was followed, when 

significant, by Tukey’s post comparison of means (for convenience, only a comparison of the 

higher and lower means are reported in the legend of the figures). Experiments were repeated 

at least twice, each on different days. Pictures were obtained using a C-35AD-2 Olympus 

camera on a BH-2 Olympus microscope. 

 

10.3.3 Electron microscopy 
 

Embryos and larvae were sampled at 22, 48, 72 hours post fertilization (hpf) and 11 

days pf, and fixed for 2 hours in 4% glutaraldehyde/2% PFA, in 0.1 M phosphate buffer (PB) 
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pH 7.4. After a brief rinsing in PB, they were post-fixed in 1% osmium tetroxide for 1 h at 

room temperature. After rinsing in PB, all specimens were dehydrated in a graded ethanol 

series and embedded in araldite. Ultra-thin (50-70 nm thick) sections made on the pineal area 

were stained with 7% uranyl acetate in methanol, and contrasted with lead citrate (Reynolds, 

1963). Sections were viewed and photographed on a Hitachi 7500 transmission electron 

microscope. 

 

10.4 Results 
 

10.4.1 Appearance of photoreceptor characteristics in developing 

pinealocytes 

 

The embryonic pineal organ expresses ExR starting at 18 hpf (Figure 23A). The area of 

ExR expression becomes larger at 24 hpf (Figure 23B).  

                      
Figure 23. Localization of Exorhodopsin (ExR) expression in the developing zebrafish 
embryo. ExR mRNA was visualized using in situ hybridization (see Materials and Methods). (A-E) 
With the anti-sense riboprobe, a specific expression is evidenced in the pineal organ, which 
appears as a spot located dorsally of the embryo’s head as early as 18 hpf (arrow in A). At higher 
stages, i.e., from 24 (B) to 72 (C) hpf, the spot appears located dorsally (D) in the midline of the 
head, between the eyes. (E) shows a dorsal view of an embryo’s pineal spot at 52 hpf; a few 
individual labeled cells are seen. (F-H) At later stages, some expression also appears in the 
ventral retina as shown by the arrow in (F). (G, H) are higher magnifications of the labeled retina 
in (F).  
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Expression is limited to the pineal organ until 72 hpf (Figure 23C-E); at 96 hpf weak 

expression occurs in the ventral retina (Figure 23F) at the level of the photoreceptor layer 

(Figure 23G, H).                               

Electron microscopic examination revealed that the initial ExR expression (18 hpf) is  

accompanied by the appearance of two defining structural characteristics of photoreceptors, 

centrosomes and [2x9+0] ciliary structures (Figure 24A); a third feature of photoreceptors, 

the extensive infoldings of plasma membranes, first becomes obvious at 48 hpf (Figure 24B). 

 

         

Figure 24. Ultrastructure of zebrafish pineal photoreceptor cells at early stages of 
development. (A) At 22 hpf the pineal cells show little signs of differentiation, except the cilia 
of the 9x2+0 type and the associated centrosome (arrows, and inset). (B) At 48 hpf 
photoreceptors are fully differentiated, and the well developed outer segment (os) arises from 
the cilia (arrows). Bars = 1 µm.                                                                         

 

  

10.4.2 Rhythmic expression of ExR and Aanat2 develops in LD but not in 

LL or DD 

 

ExR and Aanat2 mRNAs were studied in parallel as a function of environmental 

lighting. Daily rhythms in both were detected in LD, but were only statistically significant 

for Aanat2; rhythmic changes in these mRNAs were not apparent in LL or DD (Figure 25).  
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Figure 25. ExR and Aanat2 mRNA abundance under light/dark (LD) and constant (DD, LL) 
conditions. Embryos were kept at 28.5 °C under either a 12:12 LD cycle (A), DD (B) or LL (C). 
The grey boxes correspond to the dark phases (which are the same as those of the embryos 
genitors in A). The black bars at the bottom (B, C) indicate the subjective dark phases (dark 
phases of the genitors). Embryos were collected at the times indicated and processed for the in 
situ hybridization; mRNA abundance was estimated as indicated in Materials and Methods. Mean 
± S.E.M. (n = 7-10). ‘0’ in the abscissa corresponds to 8 a.m. (time of fertilization). One-way 
ANOVA indicated that Aanat2 mRNA abundance did not vary significantly under DD or LL. 
However, significant changes occurred under LD (P<0.0003); ‘a’ significantly different from ‘b’ 
(Tukey’s post comparison of means, P<0.05). Differences in ExR mRNA abundance were not 
statistically significant under any of the conditions tested. Similar results were obtained in two 
other experiments. 
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10.4.3 Circadian rhythmicity of Aanat2 is maintained following LD cycles 

or a single dark pulse  

 

Aanat2 was expressed rhythmically for at least 24 h in LL, if animals were first 

exposed to either two 12:12 LD (not shown) or two DL cycles (Figure 26).   

     
Figure 26. Aanat2 mRNA abundance under a reversed DL cycle (A) followed by constant 
light (B). (A) Embryos were placed under a LD cycle (controls; ‘solid’ line) or a reversed DL cycle 
(DL; dashed line) from fertilization. (B) An initial DL cycle was followed by constant light (LL) at 
60 hpf (solid line); the controls (dashed line) were maintained under DL. The grey panels 
correspond to the dark phases. Embryos were collected at the times indicated and processed as 
in Figure 25. Mean ± S.E.M. (n = 7-10). The data fitted a sinusoidal; in each curve the variations 
in mRNA abundance were statistically significant (one-way ANOVA: P<0.005 or below). ‘a’ 
significantly different from ‘b’, and ‘a’ significantly different from ‘b’ (Tukey’s post comparison 
of means, P<0.05)  Similar results were obtained in two other experiments.  
 

 

It was also found that rhythmicity was induced in LL following a single dark pulse applied 

at 24 hpf, and that the phase of the circadian rhythm was a function of pulse duration (Figure 

27). The finding that the Aanat2 mRNA rhythm persists for two cycles, and with similar 

amplitude, strengthens the idea that this represents a true circadian rhythm, rather than a 

one-time transient response.  
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10.4.4 Photic pulses initiate circadian rhythmicity of Aanat2 
 

The above experiment used a dark pulse against an LL background. Similarly, a light 

pulse (1 to 8 hours) against a DD background induced circadian expression of Aanat2 (Figure 

28): the phases of the subsequent oscillations were similar, independent of the pulse 

duration.  

 

                                    
Figure 27. Effects of dark stimuli of different durations on Aanat2 mRNA abundance in 
embryos maintained under constant light (LL). Embryos were maintained under LL from 
fertilization; a dark stimulus of 2 (light grey, solid line) or 8 h (dark grey, dashed line) duration 
was applied at 24 hpf, as indicated. Embryos were then processed as indicated in Figure 25. The 
black bars at the top of each column indicate the subjective dark phases (dark phases of the 
genitors). Mean ± S.E.M. (n = 7-10). In each curve the observed variations in mRNA abundance 
were statistically significant as indicated by the one-way ANOVA analysis (P<0.005); Tukey’s 
post-comparison of individual means indicated that peak and nadir values differed from each 
other (P<0.05). Pulse duration affected significantly the shape of the oscillations, as indicated by 
a two-ways ANOVA comparison of the data (P<0.0008). ‘0’ in the abscissa indicates time of 
fertilization (8 a.m.). Similar results were obtained in a second experiment. 
 

   

However, variations induced by the 1 h pulse were not significant and of lower amplitude 

than those obtained with the 2 or 8 h pulses.  

Thus, 4 hour pulses of light applied at successive points during the 20- to 46-hpf 

period induced corresponding delays in peak appearance (Figure 29). Conversely, the 

appearance of the peak in Aanat2 mRNA abundance depended on the time at which the pulse 

was applied.  
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Figure 28. Effects of light pulses of different duration on Aanat2 mRNA abundance in 
embryos maintained under constant darkness (DD). Embryos were maintained under DD (A) 
from fertilization and a light pulse of 1 (B), 2 (C) or 8 (D) h was applied at 24 hpf, as indicated. 
They were then processed as indicated in Figure 25. The black bars at the top indicate the 
subjective dark phases (dark phases of the genitors). The grey panels indicate darkness for the 
embryos. Mean ± S.E.M. (n = 7-10). ‘0’ in the abscissa indicates time of fertilization (8 a.m.). One-
way ANOVA indicated that the variations in mRNA abundance were statistically significant only 
in (C) (2h light pulse) and (D) (8h light pulse) (P<0.0001). ‘a’ significantly different from ‘b’ 
(Tukey’s post comparison of means, P<0.05). Two-ways ANOVA indicated that the 2 h and 8 h 
light pulses curves were significantly different from the DD curves (P<0.01), but the duration of 
the pulse (2 h vs. 8 h) had no significant effect (P<0.7). Similar results were obtained in another 
experiment. 
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Figure 29. Effects of light pulses applied at different post-fertilization times on the 
circadian expression of Aanat2 mRNA abundance in embryos maintained under constant 
darkness (DD). (A) Embryos were maintained under DD from fertilization. A 4 h light pulse was 
applied at 24, 28, 32, 36, 40 or 46 hpf as indicated; embryos were collected shortly after at 
different time intervals and processed as indicated in Figure 25. Mean ± S.E.M. (n = 5-10); error 
bars are not shown for clarity of the graph. ANOVA indicated that the variations in mRNA 
abundance differ significantly in all curves (P<0.0001); in each curve, Tukey’s post comparison of 
means indicated that the peak values were different from the nadir values (P<0.001). (B) Data 
are replotted from those presented in (A). There is strict correlation between the times at 
which the light pulses are applied (abscissa) and the corresponding phase delays in peak 
appearance reported in the ordinates (time of peak appearance minus time of peak obtained with 
the first pulse of light).  
 
 

10.4.5 Single photic transitions (D→L or L→D) initiate circadian 

rhythmicity of Aanat2 

 

 The above photic perturbations involve two photic transitions, L→D at the start and 

D→L at the end of the dark pulse. It was also found that a single cue initiated clock function 

when the D→L transition occurred at 21 hpf or later (Figure 30A-E). In a reversed 

experiment, embryos were raised under LL and then switched to DD; this initiated circadian 

oscillations when the L→D transition occurred at 21 hpf or later (Figure 30A’-E’). 
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Figure 30. Effects of dark-to-light and light-to-dark transitions on Aanat2 mRNA 
abundance. (A-E) Embryos were maintained under constant light from fertilization (A: LL), or 
first exposed to darkness for 15 (B), 18 (C), 21 (D) or 24 (E) hours, before being released under 
LL. A’-E’. Embryos were first placed under constant darkness (A’: DD) from fertilization or 
exposed to light for 15 (B’), 18 (C’), 21 (D’) or 24 (E’) hours before being released under DD. They 
were then processed as indicated in Figure 25. The black bars at the top of graph indicate the 
dark phases of the genitors, and the grey boxes indicate darkness for the embryos. Mean ± 
S.E.M. (n = 7-10). Two-ways ANOVA indicated that the curves in D and E were not different 
from each other, but differed from the others (A-C) (P<0.0001). Similarly, the curves in (D’) and 
(E’) were not different from each other, but differed from the (A’-C’) curves (P<0.0001). ‘a’ 
significantly different from ‘b’ (Tukey’s post comparison of means, P<0.05)  ‘0’ in the abscissa 
indicates time of fertilization (8 a.m.). Similar results were obtained in an independent 
experiment.  
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10.5 Discussion 
 

One of the advances of this study is finding that elements of the three functional 

components of circadian clock system in the zebrafish pineal organ - photodetection, clock 

function and output – appear to be in place at the end of day 1 pf. This is coincident with the 

appearance of the first pinealofugal nerve fibers (19 hpf) (Wilson and Easter, 1991). It is of 

interest to note that at this point in development, pinealocytes appear to be anatomically 

immature compared to those observed day 2 (this study) or day 6 pf (Allwardt and Dowling, 

2001). At 24 hpf they lack the defining feature which characterizes the adult pinealocyte – 

distinct photoreceptor outer segments – while containing the characteristic 2x9+0 cilia from 

which the outer segments develop (Allwardt and Dowling, 2001; Falcon, 1999; Tsujikawa 

and Malicki, 2004). The expression of ExR at day 1 pf is likely to explain pinealocyte 

photosensitivity at this stage. Accordingly, it appears that at day 1 pf, when the pinealocyte 

is not anatomically mature, it is fully capable of functioning as a complete circadian system, 

capable of responding to light. The interpretation that at this stage of development light acts 

indirectly on the pineal gland through another structure is less attractive because it assumes 

a developmental extrinsic→intrinsic switch in how light regulates the pineal circadian clock.  

 Our results also provide additional support to the view that fish pineal 

photoreceptors develop before retinal photoreceptors (Forsell et al., 2002). Specifically, at 24 

and 48 hpf, photodetector features were not evident in the zebrafish retina (data not shown). 

The first rudiments of retinal photoreceptor outer segments are not observable before 54 hpf 

(Schmitt and Dowling, 1999), whereas the initial retinal expression of an opsin gene is not 

seen before 40 hpf (Takechi and Kawamura, 2005). It is however not impossible that other 

pigments function during this period of time in the retina. We also detected ExR expression 

at day 4 pf in the ventral retina, as has been described for Aanat2 (detectable at day 3 pf) 

(Gothilf et al., 1999), indicating that retinal ExR expression is developmentally transient. In 

contrast to the day 4 pf retinal expression of ExR, pineal expression was detectable at 24 hpf, 

when structural features of photoreceptors were also apparent. Earlier development of 

pineal photoreceptors relative to that of retinal photoreceptors is intriguing, because similar 

transcription factors control expression of the same or closely related genes in each tissue. It 

will be of interest to determine the molecular basis of this temporal difference. 

Previous observations have been interpreted to indicate that the nocturnal increase in 

Aanat2 mRNA abundance is itself triggered by light-induced expression of Per2 (Ziv et al., 

2005). If this was the only condition, however, one would expect an increase in Aanat2 
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expression to occur under LL once the pineal becomes activated, i.e., between 18 and 24 hpf. 

This was not observed, i.e,. neither a surge, nor endogenous oscillations in Aanat2 expression 

was observed in embryos raised under LL from birth. Accordingly, it would appear more 

accurate to conclude that the embryos also needed to experience both dark and a photic 

transition. This is supported by the finding that circadian oscillations in Aanat2 expression 

occurred under LL providing that the embryos were previously exposed to an LD or DL 

cycle. Moreover, a single transition from DD to LL, or LL to DD, initiated circadian 

oscillations in Aanat2, providing that this transition occurred at 21 hpf or later. This is 

consistent with the proposal that exposure to both light and darkness is necessary to initiate 

pineal clock function. However, it is not yet clear whether this initiation of pineal clock 

function reflects the start of the circadian clocks in individual pinealocytes or the 

synchronization of active clocks in these cells, or both.  

Synchronization of the clocks in individual pinealocytes may involve light-dependent 

induction of Per2 (Ziv et al., 2005), and dark-dependent induction of a yet-unidentified 

factor, both of which could interact with components of the transcriptional/translational 

feedback loop which constitutes the circadian clock (Iuvone et al., 2005; Reppert and Weaver, 

2002). From the effects of dark pulses under LL and light pulses under DD, it appears that 

the timing of light onset, not duration, determines the phase of the resulting circadian 

rhythm. The results of these studies provide clear indication that Aanat2 is under circadian 

control. This is likely to reflect the presence of E-Box elements (Appelbaum et al., 2005), 

which mediate circadian control of many genes through interactions with protein 

components of the clock (Appelbaum et al., 2005; Hardin, 2004; Munoz and Baler, 2003). The 

mechanism underlying the non-circadian photic control of ExR expression in LD lighting 

cycles remains unknown.  

In summary, the present study provides evidence that the circadian system in the 

zebrafish pineal organ is potentially functional as early as 18-21 hpf, i.e., two days before the 

retina. Anatomically immature pinealocytes are capable of transducing light signals and 

generating circadian oscillations in Aanat2 expression. Accordingly, it appears that light 

sensitivity, circadian clock function and output are present early in embryonic development 

and that the pineal gland - not the retina - mediates photic responses at this stage. Our 

results also provide further support to the interpretation that minimal photic cues are 

sufficient to initiate pineal circadian clock function during development. Finally, it appears 

that light perception per se, as provided by LL, is not sufficient to initiate the circadian 

oscillations; rather, a photic transition is required, with the time of light onset determining 
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the subsequent phase of the oscillations. This and previous studies (Ziv et al., 2005) suggest 

that the onset and entrainment of the pineal circadian clocks need both light and darkness, 

i.e., light acting through induction of Per2 expression, and darkness acting through a yet 

unknown mechanism. It remains to be determined whether the photic transitions (L→D or 

D→L) start the clock ‘ticking’ in each cell or synchronizes circadian activity of individual 

cells, or does both.  These questions may be asked, using the paradigm established here, in 

which single photic transitions are sufficient to generate a circadian output, i.e., Aanat2 

mRNA. 
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           e examined in a previous study the establishment of the pineal and retinal 

functions during zebrafish development. To get significant insights concerning the evolution 

of the molecular mechanisms triggering it among the Teleost group, we examined the 

situation in a Teleost species phylogenetically far away from zebrafish , namely the turbot.  

The following work presents the characterization and expression pattern of three  

relevant marker genes of the photoreceptive organs during turbot development.  
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11. Characterization, transcriptional regulation and 

evolution of two melatonin biosynthesis enzymes 

during development of the turbot (Scophthalmus 

maximus), a flatfish. 
 

 

11.1 Abstract 
 

In the pineal gland, melatonin biosynthesis from serotonin involves the sequential 

activity of the Arylalkylamine N-acetyltransferase (AANAT) and the Hydroxyindole-O-

methyltransferase (HIOMT). In all vertebrate species studied to date, photoperiod 

synchronizes a daily rhythm in melatonin secretion, through controlling AANAT activity, 

which is higher at night than during day. Although several studies have carried on the 

modalities of this photoperiodic control in adult Teleost, the establishment of this function 

during embryonic development remains relatively unknown. In addition, the majority of the 

studies focused on Teleost phylogenetically far away from representatives displaying more 

recent phenotypical characters such as flatfish including the turbot.  

In this study, we report the cloning of the full-length cDNA of an Arylalkylamine N-

acetyltransferase gene (SmAanat2) and, for the first time in an ectothermic vertebrate, the 

full-length cDNA of a Hydroxyindole-O-methyltransferase gene (SmHiomt), in the turbot. 

We then examined the expression pattern of both genes during embryogenesis and larval 

stages and we found that the expression of SmAanat2 is pineal gland specific whereas the 

SmHiomt gene is expressed in both the photoreceptors of the retina and the pineal gland. In 

contrast to zebrafish, turbot embryos and larvae kept in a 12h Light/Dark cycle from 

fertilization onward display no cyclic accumulation of the two messengers. This result 

suggests that the molecular mechanisms controlling the establishment of the pineal functions 

during embryonic development have been modified during Teleosts’ evolution. 
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11.2 Introduction 
 

In vertebrates, melatonin is a major synchronizer of physiological and behavioural 

processes to the daily and seasonal variations of photoperiod (Zachmann et al., 1992; Pevet, 

2003; Arendt and Skene, 2005; Barrenetxe et al., 2004). Melatonin is biosynthesized by two 

neural organs, the retina and the pineal gland. However, it is generally admitted that retinal 

melatonin acts and is metabolized in situ, whereas pineal melatonin is released into the blood 

and cerebrospinal fluid. Melatonin biosynthesis from serotonin is mediated by the sequential 

activity of two enzymes (Klein et al., 1981; Klein et al., 1997). The Arylalkylamine N-

acetyltransferase (AANAT; EC 2.3.1.87) first catalyses the conversion of serotonin to N-

acetylserotonin; then, the Hydroxyindole-O-methyltransferase (HIOMT; EC 2.1.1.4) allows 

formation of melatonin from N-acetylserotonin (Klein et al., 1997). In the pineal gland and 

retina of most species, a nocturnal rise in AANAT protein amount and AANAT activity is 

responsible for the increase in melatonin; light turns off the system by inducing AANAT 

protein degradation by proteasome proteolysis (Gastel et al., 1998; Falcon et al., 2001). In 

most Teleost species studied so far, in chicken and in rodents, the nocturnal rise in AANAT 

protein and activity amount is due to an increase in Aanat gene expression (Schomerus and 

Korf, 2005; Gothilf et al., 1999; Begay et al., 1998). In contrast, in rainbow trout, ungulates and 

primates, there is no rhythmic changes in Aanat gene expression during the Light/Dark (LD) 

cycle and therefore the rhythmic AANAT activity in these species is only dependent of post-

transcriptional controls of the protein (Schomerus and Korf, 2005; Begay et al., 1998). Hiomt 

gene expression may also vary on a daily basis in several endotherms studied to date, 

although HIOMT activity in these species displays a rhythm of weak amplitude throughout 

the LD cycle (Falcon, 1999; Ribelayga et al., 1999).  

In vertebrates, levels of the circulating hormone are high at night and low during the 

day reflecting the photoperiodic control of melatonin secretion by the pineal gland. In most 

vertebrate species investigated so far, this control results from the action of light on circadian 

clocks, which in turn impact on the melatonin production machinery (Falcon, 1999, Klein et 

al., 1997). In ectotherms, all three elements - i.e., light detection, circadian clock activity and 

melatonin biosynthesis - operate within one cell type, the pineal and retinal photoreceptors 

(Falcon, 1999). In mammals, the three components are located in distinct areas: light is 

detected by the retina and the photoperiodic signals synchronize and entrain the 

autonomous activity of circadian clocks located in the suprachiasmatic nuclei (SCN) of the 

hypothalamus. In turn, the rhythmic signals from the SCN are transmitted to the pineal 
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gland, through a complex multisynaptic pathway (Klein et al., 1981). Intermediate situations 

are found in birds (Falcon, 1999). Despite these profound anatomic modifications in the ways 

melatonin secretion is controlled, similar processes contribute to control melatonin 

biosynthesis within the pineal gland; the nocturnal pattern has been preserved, emphasizing 

its importance in vertebrates.  

Teleost fish represent the largest group of vertebrates and their last common ancestor 

(LCA) appeared about 250 million years (Myr) ago. One of the first group that diverged at 

about 110 Myr ago from the Euteleostei was the Ostariophysi including zebrafish, and the 

LCA evolved about more than 60 Myr until the Percomorpha including pufferfish and 

flatfish appeared (Wittbrodt et al., 2002; Lauder and Liem, 1983). Hence, regarding evolution 

of the melatonin system, Teleost fish are of special interest. In addition, they display specific 

features such as the presence of two Aanat genes, Aanat1 expressed in the retina, and Aanat2 

mostly expressed in the pineal organ with no orthologue in other vertebrates investigated so 

far (Coon et al., 1999; Gothilf et al., 1999; Benyassi et al., 2000). Moreover, there is a great 

variability at the morphological, physiological, biochemical and molecular levels among the 

different species studied (Falcon, 2006). For instance, the rhythm in melatonin production is 

under circadian control in most examined Teleost including zebrafish, pike and turbot 

(Cahill, 1996; Bolliet et al., 1996; Rebollar et al., 1999) but not in rainbow trout in which it is 

under direct photoperiodic control (Gern and Greenhouse, 1988). In order to decide whether 

these variabilities reflect specific adaptation in a given family of fish, or an evolutionary 

trend among Teleost, more Teleost fish species have to be examined. This is particulary the 

case for representatives displaying more recent phenotypical characters such as the 

Percomorpha for which embryonic and larval data are still missing. In this regard, flatfish 

are relevant because they are sister group of pufferfish (Nelson, 1995). In addition, they 

undergo a “true” metamorphic process in the course of their development (Evans and 

Fernald, 1993; Graf and Baker, 1983; Schreiber, 2001) allowing to examine the events 

triggering cell proliferation and differentiation over a longer period compared with other 

Teleosts.  

In this study, we focus on the turbot and report the full-length cDNA cloning of the 

Aanat2 and Hiomt genes, protein characterization and expression patterns during embryonic 

and larval stages. Furthermore, we also cloned the full-length cDNA encoding the 

orthodenticle homeodomain protein 5 (Otx5), a circadian regulator of the Aanat and Hiomt 

genes (Gamse et al., 2002; Appelbaum et al., 2005) and compare its expression pattern with 

both downstream genes cited above. The data presented here provide entirely new evolutive 
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insights concerning the establishment of the molecular mechanisms controlling the  

expression of the enzymes involved in the melatonin biosynthesis by the pineal gland. 

 

11.3 Materials and methods 
 

11.3.1 Experimental animals 
 

Embryos and larvae of turbot (Scophthalmus maximus) were obtained from France 

Turbot (Noirmoutier, France) where they were reared in seawater at 16°C, as detailed 

elsewhere (Person-Le-Ruyet, 1989). Embryos and larvae of zebrafish were reared in fresh 

water at 28,5°C as detailed elsewhere (Westerfield, 1993). Embryos and larvae were collected 

at different developmental stages during day and night; night samples were collected under 

dim red light. They were frozen in dry ice for RNA or DNA extraction, or fixed overnight in 

4% paraformaldehyde (PFA) in PBS at 4°C, washed in PBS, and finally stored in methanol at 

-20°C for whole mount in situ hybridization.  

 

11.3.2 Cloning of full-length cDNAs 
 

Fragments of S. maximus Aanat2 and Hiomt genes were isolated by nested PCR after 

reverse transcription of mRNA, extracted from a pool of embryos (48, 72, 96 and 120 hours 

post-fertilization; hpf) and larvae (20 days post-hatching; dph). The degenerated primers 

indicated in table 1 were used for the cloning of the Aanat2 and Hiomt  genes:   

 

 
Table 1. Degenerated primers used to clone SmAanat2 and SmHiomt. 
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The PCR amplification was as follows: 2 minutes at 95°C, 15x (20 seconds at 94°C, 1 

minute at 37°C, 1 minute at 68°C) then 25x (20 seconds at 94°C, 1 minute at 42°C, 1 minute at 

68°C) followed by 7 minutes at 68°C. The conditions for the nested PCR were : 2 minutes at 

95°C, 30x (20 seconds at 94°C, 1 minute at 48°C, 1 minute at 68°C) followed by 7 minutes at 

68°C. Full-length sequences were obtained by 5’ and 3’-RACE (Rapid Amplification cDNA 

Ends) PCR following the standard protocol (Clontech, BD Bioscience). 

Specific primers were designed from fragments of S. maximus Aanat2, Hiomt and Otx5 

genes (SmAanat2: forward, 5’AGCAGTGGTATCAACGCAGAGTAC3’; nested forward, 

5’GATGGCACAGCAGGTCAGCGGCTCACCGT3’; reverse, 5’CGCAGGTACTGCAAGTAG 

CGCCACAG3’; nested reverse, 5’GAGGATGGAGCCCTTGCCCTGCTGGCG3’; SmHiomt: 

forward, 5’GACCGACGCTGTCAGAGAGGGAAGAAACC3’; nested forward, 5’GCTCTCT 

ACAGGTGTGACGAGGAGATGG3’; reverse, 5’CGTGACCACGTCTTTACCACAGATGTT 

CC3’; nested reverse, 5’CCATCTCCTCGTCACACCTGTAGAGAGC3’; SmOtx5: forward, 

5’AGAATGATGTCCTACATAAAGCAGCCCCA3’; nested forward, 5’CCGAGGAAGCAGC 

GTCGAGAGCGCACCAC3’; reverse, 5’CCGCTGGTCTGCTGCTGCTGCTGGCGGCA3’; 

nested reverse: 5’TTAGCACGACGGTTCTTA AACCACACCTG3’) and used in nested PCR. 

For Aanat2, 5’-RACE was done first and the amplified fragment was used to design 

forward primers for the 3’-RACE. The conditions for the first round of PCR were 2 minutes 

at 95°C, 30x (13 seconds at 94°C, 1 minute at 66°C(Aanat) or 64°C(Hiomt) or 63°C(Otx5), 3 

minutes at 68°C) followed by 7 minutes at 68°C. Same conditions were used for the nested 

PCR except that the number of cycles was 25. 

 

11.3.3 Proteins alignments, inference of phylogenetic trees and sequence 

analysis 

                        

Deduced full-length amino acid sequences of AANAT and HIOMT were aligned 

using PipeAlign (Plewniak et al., 2003). The Phylo_win version 2.0 software program was 

used to infer phylogenetic trees (Galtier et al., 1996). After gaps removing, trees were 

inferred by the Neighbor Joining method (NJ). The degree of support for internal nodes was 

assessed using 1000 bootstrap replications. Sequences were analyzed by BLASTP (Altschul et 

al., 1997) and PROSITE motif search (Bairoch et al., 1997). 
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11.3.4 In situ hybridization 

 
 The same in situ hybridization procedure was used for whole mount embryos and 

larvae. In vitro synthesis of the riboprobes (SmAanat2: bases 399-1315 in Figure 31; SmHiomt: 

bases 202-1027 in Figure 33; SmOtx5: bases 218-1280 in Appendix 7)  and the high stringency 

in situ hybridization protocol were as detailed elsewhere (Thisse et al., 2004). After staining 

embryos and larvae were post-fixed in 4% PFA in PBS. For embyos and larvae, intensity of 

the pineal staining was evaluated independantly by two observers within a scale of 0 (no 

staining at all) to 3 (highest signal intensity) (Delaunay et al., 2000). At some occasions, 

stained larvae were dehydrated in PBS/10% glycerol/20% sucrose overnight at 4 °C; they 

were then included in Tissue Freezing Medium (Jung), frozen in dry ice, and cut (30 µm) 

using a Leica CM1900 cryotome. Embryos, larvae and sections were mounted in 100% 

glycerol prior to being photographed (Canon Powershot S45 digital camera). 

 

11.3.5 Genomic Southern blot analysis 
 

Southern blots of genomic turbot DNA were prepared according to Sambrook and 

Russel (2001). Ten micrograms of genomic DNA extracted with a DNeasy tissue kit (Qiagen) 

from juvenile turbots were digested with either BglII, EcoRI or SacI and loaded on a 0.7% 

agarose gel. After electrophoresis, DNA fragments were blotted overnight and UV-

crosslinked to a positive charged nylon membrane (Nytran, Schleicher & Schuell). The blot 

was then hybridized with a 123 bp SmHiomt PCR α32P radiolabeled DNA probe (bases 901-

1024 in Figure 33). The moderate-stringency hybridization was performed in 6x SSC, 10x 

Denhardt’s, 1mM EDTA, 0.2% SDS and 0.1 mg/ml tRNA at 62 °C, followed by washes in 1x 

SSC, 0.1% SDS at 58 °C. The images were generated from a PhosphorImager. 

 

11.3.6 Reverse Transcription (RT) and quantitative real time PCR 
 

Total RNA extractions were performed from S. maximus embryos and larvae sampled 

at 51, 57, 63, 69, 75, 81, 87, 93, 99, 105 and 111 hpf and from D. rerio embryos at 28, 34, 40, 46 

and 52 hpf according to the standard protocol (TRIzol reageant, Invitrogen). After digestion 

of residual genomic DNA with 2 units of DNAse I (Promega) during one hour at 37 °C, 500 

ng of total RNA of each stage were used as a template for first strand cDNAs synthesis using 

oligo-dT primer and the Superscript III reverse transcriptase kit (Invitrogen). The reaction 
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proceeded for 1 hour at 50°C followed by the inactivation of the enzyme at 94°C during three 

minutes. Real time PCR amplification of cDNAs was then carried out in a LightCycler 

(Roche) using a QuantiTectTM SYBR® Green PCR kit (Qiagen) as described in the standard 

protocol. The reaction mixture included 2 µl of cDNA, 1x SYBR Green mix and 0.5 µM of 

each specific forward and reverse primers. Real time PCR amplification of cDNAs conditions 

were as follows : 15 minutes at 95°C, 15 seconds at 94°C, 20 seconds at 57°C, 10 seconds at 

72°C over 50 cycles. The fluorescence of the amplified products was detected 5 seconds at 

76°C after the elongation step. For each sample point, a melting curve was obtained at the 

end of the PCR amplification allowing us to verify the specificity of the amplificon. In each 

experiment and for each gene, a standard curve generated by four dilutions from one cDNA 

sample was included in the PCR amplification to determine an expression value for each 

samples. Experiments were realized two times in triplicates and normalized with Elongation 

factor 1 alpha  (Ef1α), a housekeeping gene. The following specific primers used in the 

experiment were designed with the Primer3 software (Rosen and Skaletsky, 2000) from the 

SmAanat2 , SmHiomt , SmEf1α (GenBank accession number AF467776), ZfAanat2 (GenBank 

accession number NM131411) and ZfEf1α (GenBank accession number NM131263) genes : 

 

SmAanat2 forward : 5’ATTCCACGAGATGGAGTACACG3’ 

SmAanat2 reverse : 5’TGGTGAGTAAGTCGGAGTGTAAGG3’ 

SmHiomt forward : 5’GAGGGCAGGGAGAGGACAG3’ 

SmHiomt reverse : 5’TCTTGATACATGAGTAGCCGAGGT3’ 

SmEf1α forward : 5’CTCACATCGCCTGCAAGTTC3’  

SmEf1α reverse : 5’GACACACATGGGCTTTCCAG3’ 

ZfAanat2 forward : 5’CGACGAAACAGCGGATGTTAG3’ 

ZfAanat2 reverse : 5’GAACCTTTGAGCCTGTGATCG3’ 

ZfEf1α forward : 5’TCCCAACCTCTTGGAATTTCTC3’ 

ZfEf1α reverse : 5’TGAAAGAGGCACTATCAGTCAAT3’ 
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11.4 Results 
 

11.4.1 Isolation of S. maximus Arylalkylamine N-acetyltransferase-2 

(SmAanat2) cDNA 

 

The first round of PCR using degenerated primers allowed isolating a 258 bp 

fragment displaying similarity with the N-acetyltransferase domain of Aanat2 from other 

species. From this sequence we designed specific primers that allowed amplification of a 440 

bp fragment by 5’ RACE PCR. This 5’ DNA fragment was used to design specific primers 

that were used for the 3’ RACE PCR; a fragment of 1309 bp was amplified.  Put together, the 

two fragments corresponded to the entire full-length cDNA of SmAanat2 gene. The SmAanat2 

cDNA contains a deduced 624 bp open reading frame (ORF) encoding 208 amino acids 

flanked by a 7 bp 5’ UTR and a 684 bp 3’ UTR which is terminated by a 30 bp poly(A) tail 

(Figure 31). One putative poly(A) addition signal is located immediately upstream of the 

poly(A) tail (underlined in Figure 31). The deduced protein contains an acetyltransferase 

domain of 93 amino acids (shaded in Figure 31), two putative acetyl coenzyme A binding 

motifs namely Motif A and B, two phosphorylation sites for protein kinase A (PKA) critical 

for the activation and the stabilization of the protein (Ganguly et al., 2001; Ganguly et al., 

2005), three highly conserved regions found in vertebrates, namely C/c-1, D/c-1 and D/c-2, 

four highly conserved histidine residues and four highly conserved cystein residues which 

are important for disulfide bond formation in AANAT (Figure 31) (Klein et al., 1997; Craft 

and Zhan-Poe, 2000). The alignment of the deduced SmAANAT2 amino acid sequence with 

other AANAT sequences indicated strong similarity with Teleost fish AANAT2 (rainbow 

trout, 84%; zebrafish, 83%; pike, 82%, sea bream, 72%), and less similarity with vertebrates’ 

AANAT1 (zebrafish, 68%; pike, 66%) (Appendix 4). A phylogenetic tree was inferred using 

the different AANAT sequences available in the NCBI databank (Figure 32) allowing to 

conclude that the cloned gene corresponds to the S. maximus Aanat2  gene (SmAanat2).  

This approach also allowed us to obtain the full-length SmAanat1 gene (Appendix 5). 

Phylogenetic anaylsis of the deduced SmAANAT1 amino acid sequence showed that it 

shares a high similarity with the rainbow trout AANAT1, medaka AANAT1b and pufferfish 

AANAT1b characterized by an extension of 21 amino acids at the carboxyl terminal end of 

the protein compared with other AANAT1 (Figure 32; Appendix 5). The expression pattern 

of this gene is not detailed here because it is beyond the scope of this study. 
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Figure 31. Nucleotide and deduced amino acid sequence of the turbot Aanat2 cDNA. The 
nucleotide and amino acid positions are numbered and indicated on the right. The start and stop 
codons are indicated in bold letters. The acetyltransferase domain is shaded while the two 
putative acetyl coenzyme A binding motives and the two phosphorylation sites for PKA are 
indicated by simple and double underlining, respectively. The three highly conserved regions C/c-
1, D/c-1 and D/c-2 found in vertebrates are indicated by dashed underligning. The four highly 
conserved cystein residues important for disulfide bond formation are indicated by a star. The 
four histidine residues are indicated by a black arrowhead. The putative polyadenylation signal is 
underlined. 
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Figure 32. Phylogenetic tree of AANAT inferred by the Neighbor Joining method. The 
length of branches is proportional to the phylogenetic distance. The scale bar represents an 
evolutionary distance of 0.128 amino acid substitutions per site. 1000 bootstrap replications 
were used to test the robustness of each internal node (see Mat. & Meth.). Accessions numbers 
of the sequences used for the tree inference are as follows : (A) AANAT of yeast (ScA) 
(AAS55998), AANAT2 of turbot (SmA2) (ND), AANAT2 of zebrafish (DrA2) (AAF01140), 
AANAT2 of rainbow trout (OmA2) (AAD25333), AANAT2 of pike (ElA2) (AAD21317), AANAT2 
of sea bream (SaA2) (AAT02160), AANAT2 of medaka (OlA2) (BAE78762), AANAT2 of 
pufferfish (FrA2) (NEWSINFRUP00000147708), AANAT1 of rainbow trout (OmA1) 
(BAA34809), AANAT1 of turbot (SmA1) (ND), AANAT1 of pike (ElA1) (AAD21316), AANAT1 of 
zebrafish (DrA1) (AAH59448), AANAT1a of medaka (OlA1a) (BAE78760), AANAT1b of medaka 
(OlA1b) (BAE78761), AANAT1a of pufferfish (FrA1a) (NEWSINFRUP00000130562), AANAT1b 
of pufferfish (FrA1b) (NEWSINFRUP00000152865),  AANAT1 of seabream (SaA1) 
(AY533402),  mice (MmA) (AAD09408) and human (HsA) (Q16613). ND, not deposited. 
 
 

11.4.2 Isolation of S. maximus Hydroxyindole-O-methyltranferase 

(SmHiomt) cDNA 

 

We used a similar strategy to identify a SmHiomt gene. A 179 bp fragment was 

amplified by RT-PCR using degenerated primers and sequenced. The sequence encodes part 

of the methyltransferase domain typical of the HIOMT family. The full-length SmHiomt 

cDNA was obtained by 5’ and 3’ RACE PCR with specific primers; two fragments of 487 and 

888 bp, respectively, were amplified, which appeared to correspond to the entire SmHiomt 

full-length cDNA. It contains a deduced ORF of 996 bp encoding 332 amino acids, flanked by 

a 59 bp 5’UTR and a 276 bp 3’UTR ending by a poly(A) tail of 26 bp (Figure 33). One putative 



 92

polyadenylation signal is present upstream of the poly(A) tail (underlined in Figure 33). The 

deduced protein sequence encodes a methyltransferase domain (shaded in Figure 33), eight 

highly conserved cysteine residues and a putative casein kinase II phosphorylation site (ckII) 

(Figure 33). The complete deduced SmHIOMT protein sequence was aligned with other 

available vertebrate HIOMT protein sequences, and a phylogenetic tree was inferred (Figure 

34; Appendix 6) allowing to conclude that the cloned gene corresponds to the SmHiomt.  

SmHIOMT displays similarity with chicken (62%), bovine (56%), apes (55%) and human 

(54%) HIOMT.  

In order to determine if one or several SmHiomt genes exist in the turbot genome, we 

performed a Southern blot analysis at moderate hybridization stringency. The radio-labeled 

DNA probe recognized a single band, independent of the restriction enzymes used to cut the 

genomic DNA (Figure 35). 

 

11.4.3 Isolation of S. maximus orthodenticle homeobox-5 (SmOtx5) cDNA 
 

Parallel to the cloning of the SmAanat2 and SmHiomt genes, we also have cloned the 

full-length cDNA of SmOtx5. The Otx5 gene encodes a homeodomain transcription factor 

which is a relevant marker of the differentiation and maintenance of the photoreceptor cells, 

and expression of several pineal circadian genes including Aanat2 and Hiomt (Gamse et al., 

2002; Plouhinec et al., 2003; Furukawa et al., 1997; Furukawa et al., 1999; Chen et al., 1997). 

PCR amplification of the full-length S. maximus Otx5 cDNA was carried out with specific 

primers designed from conserved regions of the gene. The full-length cDNA obtained 

corresponds to a 1479 bp sequence containing a deduced ORF of 885 bp. This ORF encoding 

a 295 amino acids protein is flanked by a 69 bp 5’UTR and a 525 bp 3’UTR, which ends with 

a poly(A) tail of 29 bp (Appendix 7). One putative polyadenylation signal is present 

upstream of the poly(A) tail (underlined in Appendix 7). The deduced protein sequence 

encodes a homeodomain (shaded in Appendix 7), a polybasic region (dashed lines in 

Appendix 7) and two repeats of the “Otx tail” motif typical of OTX proteins (single black line 

in Appendix 7) (Gamse et al., 2002). The complete SmOTX5 protein sequence has similarity 

with the OTX5 sequences from frog (68%), shark (67%) and zebrafish (62%) and with the Crx 

sequences from zebrafish (67%) and chicken (58%). Altogether, our data allow concluding 

that the sequence we have obtained corresponds to S. maximus Otx5 gene.  
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Figure 33. Nucleotide and deduced amino acid sequence of the turbot Hiomt cDNA. The 
nucleotide and amino acid positions are numbered and indicated on the right. The 
methyltransferase domain is shaded. The start and stop codons are indicated in bold letters. 
The putative casein kinase II phosphorylation site is indicated by strong underlining. The eight 
highly conserved cystein residues important for disulfide bond formation are indicated by a star. 
The putative poly (A) addition signal is underlined. 
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Figure 34. Phylogenetic tree of HIOMT inferred by the Neighbor Joining method. The 
length of branches is proportional to the phylogenetic distance. The scale bar represents an 
evolutionary distance of 0.108 amino acid substitutions per site. 1000 bootstrap replications 
were used to test the robustness of each internal node (see Mat. & Meth.). Accessions numbers 
of the sequences used for the tree inference are as follows : HIOMT of chicken (Gg) 
(NP_990674), bovin (Bt) (P10950), apes (Mmu) (AAL49966) and human (Hs) (CAI41503), turbot 
(Sm) (ND), zebrafish (Dr) (ENSDARP00000033596), Fugu (Fr) (NEWSINFRUP00000145608), 
Tetraodon (Tn) (GSTENT00030451001). ND, not deposited. 
 

 

11.4.4 Embryonic and larval expression pattern of S. maximus Aanat2, 

Hiomt and Otx5 

 

Both SmAanat2 and SmHiomt mRNAs were first detected at 3 days pf. The labeling 

appeared as a single spot located in a frontal and media-dorsal position of the embryo, in a 

position likely to correspond to that of the pineal organ (Figure 36A-E, H-I). This was 

confirmed after observation of ultrathin sections of 3 dpf embryos previously hybridized 

with a SmHiomt mRNA riboprobe; expression was seen in cells lying around a lumen at the 

top of the brain (data not shown).  

SmAanat2 was specifically expressed in the pineal organ at least until day 7 pf (data 

not shown). In contrast, from day 4 pf, SmHiomt expression was seen in the pineal organ as 

well as in the retina (Figure 36D-G). In the retina, the labeling was seen in the outer nuclear 

layer exclusively.  
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Figure 35. Genomic Southern blot analysis of turbot genomic DNA. 10 µg of genomic DNA 
extracted from turbot juveniles were digested with three different restriction enzymes: Lane 1, 
Bgl II; 2, EcoR I;  3, Sac I. The blot was probed at moderate-stringency with a DNA α32P probe 
(see Mat. & Meth.). Size markers are on the left. 
 

 

It was intense in the apical part corresponding to the inner segment; a thin labeling was also 

seen in the layer corresponding to the photoreceptor end pedicles, close to the outer 

plexiform layer (Figure 36G).  

SmOtx5 expression starts first in the pineal gland anlage at day 2 pf, before the optic 

cups form (Figure 36 J, K). Later, at 3 dpf, expression starts being seen in the temporal part of 

the retina (Figure 36L). At 4 dpf, the SmOtx5 expression is detected to the full outer 

plexiform layer of the retina (Figure 36M).  

Independent of the gene considered, no labeling was seen with the sense probes used 

as negative controls (Figure 36C and data not shown). 

 

11.4.5  Daily expression of Aanat2 and Hiomt in the embryonic and larval  

S. maximus and D. rerio 

 

In order to determine whether the expression of SmAanat2 and SmHiomt follows a 

daily rhythm in the developing pineal gland, turbot embryos and larvae were maintained 

under a 12L/12D cycle, and sampled at midday and midnight from day 3 to day 6 pf, i.e. one 

day after hatching, before to be processed to whole mount in situ hybridization (see Materials 

and Methods). 
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Figure 36. Localization of Aanat2 and SmHiomt expression in embryos and larvae of turbot 
and zebrafish by in situ hybridization. Aanat2 and SmHiomt gene expression was localized by 
whole mount in situ hybridization (see Mat. & Meth. for details). (A-C) 3 dpf turbot embryos 
dark adapted hybridized with an anti-sense (A-B) or sense (C) digoxygenin SmHiomt riboprobe. 
(D-E) 4 dpf turbot embryo and 6 dpf turbot larva (F-G) light adapted were hybridized with an 
anti-sense digoxygenin SmHiomt riboprobe. (H-I) 4 dpf light adapted turbot embryo hybridized 
with an anti-sense digoxygenin SmAanat2 riboprobe. (J-K) 2 dpf (L) 3 dpf and (M) 4 dpf light 
adapted turbot embryos hybridized with an anti-sense digoxygenin SmOtx5 riboprobe. (N-O) 3 
dpf dark adapted zebrafish larva hybridized with an anti-sense digoxygenin ZfAanat2 riboprobe. 
The black arrow and white arrowheads show the pineal gland and the photoreceptors of the 
retina, respectively. GCL, retinal ganglion cell layer; INL, inner nuclear layer; L, lens; P, 
photoreceptors layer. Scale bars: (A, C, J, K, L, M, N) 100 µm; (D, F, H) 50 µm; (B, E, I) 25 µm; 
(G, I, O) 10 µm. 
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Under these conditions, we found no daily variations in the expression of either gene (Figure 

37A, C); in contrast, under similar conditions, embryonic and larval pineal expression of 

zebrafish Aanat2 (ZfAanat2) was low during day and high at night  (Figures 36N-O, 37E) as 

previously shown (Gothilf et al., 1999; Vuilleumier et al., 2006). 

Three dpf embryos to five dpf larvae of turbot were also collected every 6 h starting at 

5 am one hour before the light switch on and until midnight of the fifth day, and assayed 

using a real time quantitative PCR approach (Figure 37B, D). No significant daily variations 

in the expression of either gene was seen under these conditions. In contrast, a significant 

rhythm in ZfAanat2 expression in two dpf embryos was detected in using this approach 

(Figure 37F). This rhythm is characterized by a maximum at 6 am. 

 

11.5 Discussion 
 

The present study reports, for the first time, the full-length cDNA cloning of Aanat2, 

Aanat1, Hiomt and Otx5 genes in the turbot, a percomorph Teleost. The first three genes 

encode, the penultimate and ultimate enzymes in the melatonin biosynthesis pathway, 

respectively (Klein et al., 1981). They are of interest because they are markers not only of the 

melatonin function, but also, at least for Aanat2 and Hiomt, of pineal clock function. Indeed, 

in zebrafish, transcription factors of the circadian clock machinery act directly on regulatory 

sequences of ZfAanat2 to direct its circadian expression (Appelbaum et al., 2005). In chicken, 

pineal Hiomt expression is controlled by a circadian oscillator in vitro and in vivo (Greve et al., 

1996). Whereas much attention has focussed on Aanat, which has now been cloned in a 

important number of vertebrates including Teleost fish, little information is available on 

Hiomt. This is the first study reporting the full-length cDNA cloning, tissue distribution and 

regulation of the Hiomt gene expression in an ectothermic vertebrate.  

Multiple alignment and phylogenetic analysis of the complete putative protein 

sequences deduced from the three genes cloned from turbot clearly indicate that they belong 

to the AANAT and HIOMT protein families. As far as SmAANAT2 is concerned, the 

deduced amino acid sequence of the putative coding region indicates similarities with 

conserved sequences from AANAT cloned in other species. For SmAANAT2, this 

corresponds to the regulatory and catalytic sites previously described in the literature (Coon 

and Klein, 2006; Obsil et al., 2001; Hickman et al., 1999a; Hickman et al., 1999b).      
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Figure 37. Variation of SmAanat2, SmHiomt, ZfAanat2 expression levels during the first 
days of development under Light/Dark (LD) cycles. Embryos and larvae were kept at 16 °C for 
turbot or 28.5 °C for zebrafish under a 12h LD cycle. They were collected at different days 
post-fertilization and subjected to whole mount in situ hybridization (A, C, E) or extracted for a 
real time quantitative PCR analysis (B, D, F). SmAanat2 (A, B), SmHiomt (C, D) and ZfAanat2 (E, 
F) mRNAs levels were quantified as indicated in Materials and Methods. Analysis of the variance 
indicated a significant daily rhythm only for ZfAanat2 using both approaches cited above (by one 
way ANOVA and Tukey’s test, p<0.001 for (E) and by one way ANOVA p<0.001 and Tukey’s test : 
between 46 and 28 hpf p<0.01 and 40 and 34 hpf p<0.05 for (F)). The black bars indicate the 
dark phases. The black arrow indicates the hatching period. 
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The turbot HIOMT deduced amino acid sequence displays a high similarity with the few 

HIOMT sequences available (Donohue et al., 1993; Ishida et al., 1987; Klein et al., 1997; Voisin 

et al., 1992). Also, the SmHIOMT harbors several highly conserved domains corresponding 

to the catalytic as well as to non-catalytic sites of the protein, e.g. a putative casein kinase II 

phosphorylation site. The functional significance of these last domains will have to be 

investigated in further studies. 

In an in silico recent study of several vertebrate genomes, it has been predicted that 

percomorph Teleosts may contain three Aanat genes : one Aanat2 and two Aanat1, namely 

Aanat1a and Aanat1b (Coon and Klein, 2006). The predicted protein of Aanat1a is similar at 

the carboxyl terminal end to zebrafish, pike and seabream AANAT1 and to all AANAT of 

other vertebrates described so far. In contrast, the predicted carboxyl terminal end of the 

AANAT1b protein of pufferfish and medaka is 21 amino acids longer. This extension shares 

some similarities with rainbow trout AANAT1 suggesting that they derived from a common 

ancestor (Coon and Klein, 2006). It is therefore not surprising that beside SmAanat2, we also 

succeeded in cloning another turbot Aanat. After phylogenetic analysis of its deduced 

protein sequence, it appeared belonging to the Aanat1b gene family. Further studies will aim 

at examining the specific functions of both isoforms.  

The specific expression of SmAanat2 in the pineal organ agrees with previous 

biochemical and molecular studies indicating that (i) AANAT2 is mainly the pineal enzyme 

and AANAT1 is the retinal one (Benyassi et al., 2000; Coon et al., 1999; Gothilf et al., 1999), 

and (ii) that regulatory elements of the zebrafish Aanat2 gene direct specific expression in the 

pineal organ and repress expression in the retina (Appelbaum et al., 2004). 

More generally, it appears that in Teleost several photoreceptor specific genes have 

been duplicated and express tissue-specific distribution; this is the case for Aanat, but also for 

several genes of the phototransduction cascade (Mano et al., 1999; Decressac et al., 2002). 

This is thought to be in part a result of a whole genome duplication that occurred early at the 

emergence of the Teleost fish lineage (Hoegg et al., 2004; Jaillon et al., 2004). In contrast, we 

found that (i) our cloning strategy using degenerated primers allowed amplification of only 

one Hiomt cDNA type; (ii) hybridization of genomic DNA with an Hiomt probe chosen in a 

conserved sequence of the gene labeled a single band,  (iii) identical sequences were obtained 

after partial cloning of a 200 bp fragment of the Hiomt gene from retinal and pineal gland 

extracts in trout and pike (data not shown) and (iv) only one putative Hiomt gene can be 

found in the zebrafish genome in blasting the cDNA and peptide databanks (Ensembl). 

Hence, we conclude that the turbot genome may contain only one Hiomt gene, although an 



 100

other, e.g. highly divergent, cannot totally be ruled out. For instance, two putative Hiomt 

genes may be found in the pufferfish genomes, although one of both seems to have a highly 

divergent amino acid sequence and is expressed in the muscle. In the future, it will be 

primordial to determine if this paralogous gene has kept its function to biosynthesize 

melatonin in these species. 

The result concerning the SmHiomt expression pattern in turbot is of special interest 

because it shows that the mRNA appear first in the pineal gland in 3 days old embryos and, 

one day later, in the retina. Thus, it strongly suggests that the photoreceptors of the pineal 

gland biosynthesize melatonin before those of the retina implying an important role for 

pineal melatonin during development such it has been shown in zebrafish (Danilova et al., 

2004). In the retina of turbot embryos and larvae, we found SmHiomt mRNA only the in 

inner segments and pedicles of photoreceptors corroborating what was found by in situ 

hybridization in retina of chicken (Wiechmann, 1996; Wiechmann et al., 1985). One 

interesting conclusion from this observation is that at early stages of development the 

melatonin pathway is a cone specific property because the pre-metamorphic retina of flatfish 

contains only cones (Evans and Fernald, 1993; Helvik et al., 2001) and the larval and adult 

pineal organ contains only cone-like photoreceptors (Falcon, 2006). In order to know if the 

rod photoreceptors may also biosynthesize melatonin, it will be primordial to examine 

Teleost species displaying an “only rod” retina as for instance in the eels’ leptocephal larva 

retina (Evans and Fernald, 1993). 

The observation that the transcription factor SmOTX5 is expressed in the 

photoreceptor cells one day before SmAanat2 and SmHiomt is in agreement with that the 

former controls the expression of the latter by binding to their transcriptional regulatory 

elements (Gamse et al., 2002; Bernard et al., 2001; Appelbaum et al., 2005). As it was the case 

for SmHiomt, SmOtx5 - but not SmAanat2 - started to be expressed in the retina one day after 

the expression in the pineal gland. The difference in the temporal pattern of expression of 

SmOtx5 in the pineal organ and retina at initial stages of development supports the idea that 

in Teleost fish the former differentiates before the latter (Vuilleumier et al., 2006; Forsell et 

al., 2002).  

Previous results and those obtained here suggest that the pineal gland rather than the 

retina mediates photic responses during embryonic development of Teleost (Gothilf et al., 

1999; Vuilleumier et al., 2006; Forsell et al., 2002). Although this feature seems to be 

conserved between zebrafish and turbot, the establishment of the pineal functions during 

embryonic development is different between both species. Indeed, whereas in zebrafish the 
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expression of ZfAanat2 displays a robust circadian rhythm in the pineal gland as early as the 

second day of development, i.e. one day before hatching, the expression of this gene in turbot 

does not show any rhythm in the epiphysis at least one day after this process. This suggests 

that during evolution of the Teleost lineage, at least two mechanisms controlling Aanat2 

expression during early development have evolved. 

The rhythm in the melatonin biosynthesis in all studied vertebrates is primarily 

driven by a rhythm in AANAT activity (Klein et al., 1997). This rhythm is generated by post-

transcriptional controls of the enzyme (Coon et al., 2001; Falcon et al., 2001; Ganguly et al., 

2001; Ganguly et al., 2005; Gastel et al., 1998) or by both transcriptional and post-

trancriptional control mechanisms (Falcon, 1999; Klein et al., 1997), depending of the 

examined species. The absence of any rhythm in the SmAanat2 expression during turbot 

embryonic development suggests that pineal melatonin biosynthesis at these early stages is 

mainly controlled at the post-transcriptional level although further studies on the SmAanat2 

expression pattern in larva, juvenile and adult of turbot will be necessary to conclude on the 

regulation of this enzyme. 

Until now, data concerning the regulation of the expression of the HIOMT gene 

during LD cycles were available only in mammals and birds (Falcon, 1999; Ribelayga et al., 

1999). In chicken and quail, which are diurnally active animals, maxima and minima of 

expression were observed during the middle of light and dark phase, respectively, whereas 

in rat, a nocturnal animal, the expression is reversed (Fu et al., 2001; Greve et al., 1996; 

Ribelayga et al., 1999). Because all these rhythms are maintained under constant 

illumination, this indicates that the Hiomt gene expression is controlled by a circadian 

oscillator in chicken and mammals (Greve et al., 1996; Ribelayga et al., 1999). In contrast, in 

the turbot, we were not able to show significant variations in the levels of the SmHiomt 

mRNAs during the LD cycle indicating that the circadian control of SmHiomt expression 

does not occur in the embryos and larvae of turbot, a case already observed for adult 

primates (Coon et al., 2002; Ackermann et al., 2006)). 

In summary, in this study, we cloned the full-length cDNAs encoding SmHIOMT, 

SmAANAT2 and SmOTX5, which the former has only been described so far in birds and 

mammals. We showed that in contrast to SmAanat2, SmOtx5 and SmHiomt are expressed in 

both major sites of melatonin biosynthesis, the cone photoreceptors of the pineal gland and 

retina. Finally, we found that the molecular mechanisms involved in the regulation of the 

Aanat2 expression during embryonic development are different between zebrafish and 

turbot. Further studies examining other fish species at different developmental stages will 
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allow to better understand the role of the pineal organ during embryonic development and 

how were established its different functions during evolution of vertebrates. 
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         reviously, we examined the early ontogeny of the two main photoreceptive 

organs in the zebrafish and turbot. The turbot belongs to the flatfish group characterized by 

an indirect development, a process also called metamorphosis, which is protracted compared 

with other Teleost groups. Hence, the flatfish retina appears as a relevant model to study the 

mechanisms leading to cell proliferation and differentiation.  

The following study reports the characterization of cellular changes during 

metamorphosis of the tubot retina and presents evidence that this visual remodelling process 

is convergent with the one previously observed in frog.   
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12. Characterization of the asymmetric retinal 

changes occuring during turbot (Scophthalmus 

maximus) metamorphosis 
 

 

12.1 Abstract 
 

The metamorphosis in amphibians and flatfish is a complex process triggered by the 

thyroid homones including the tri-iodothyronine (T3) and thyroxine (T4). Whereas this body 

transformation has been already well studied in frogs, little has been done concerning 

flatfish. In these animals, the symmetric pelagic larva is transformed into a benthic 

asymmetric juvenile during the metamorphic process. This change is characterized by dorsal 

migration of either the right or the left eye to the other side of the body. In addition, during 

this transformation, several other anatomical, physiological and biochemical changes occur 

in the whole organism.  

In this study, we focused on the turbot (Scophthalmus maximus), a senestral flatfish, 

and examined the retinal changes which occur during metamorphosis. Among them, we 

found that the photoreceptors of the premetamorphic retina do not display any rhodopsin 

expression whereas during metamorphosis, this photopigment molecule appears in the 

ventral retina. This suggests that in turbot the scotopic vision is acquired in the same time 

that the animal is changing its habitat. Also we found that the growth at the ciliary marginal 

zone (CMZ) of the retina becomes asymmetric during turbot metamorphosis and that this 

shift may be controlled by a type 3 deiodinase gene (SmD3). Because a similar case of 

asymmetric growth was already described in Xenopus, the hypothesis of an evolutionary 

convergence between both visual systems is discussed here. 

 

12.2 Introduction 
 

In the animal kingdom, development of an adult organism from a larva can be 

described as either direct or indirect. Direct development indicates that the larva of an 

organism displays the same phenotype as the adult and the growth until adulthood is 

accompagnied by relatively few phenotypic transformations. In contrast, indirect 
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development indicates that dramatic transformations of the body, namely metamorphosis, 

occur. Although this process is often observed in invertebrates, “true” metamorphosis in 

vertebrates occurs in amphibians and flatfish.    

In frog, the metamorphosis transforming a swimming herbivore tadpole into a 

carnivore tetrapod vertebrate is triggered by the thyroid hormones (THs) mostly the tri-

iodothyronine (T3) (Brown et al., 1995). According to these multiple body modifications, the 

adult frog has to reorganize the existing larval visual system in order to see overlapping 

visuals fields adapted to its predatory lifestyle (Grant and Keating, 1986). This is realized by 

the migration of the lateral eyes typical of tadpoles to a new dorso-frontal position, by the 

formation of new retinal projections to the ipsilateral thalamus and by a shift from a 

symmetric to an asymmetric growth pattern of the retina from stem cells located at the ciliary 

marginal zone (CMZ) (Hoskins and Grobstein, 1984; Mann and Holt, 2001). This shift is 

controlled by the asymmetric expression of a type 3 deiodinase (D3), a selenocystein 

containing enzyme, in the retina. In this tissue, the D3 gene is only expressed in the stem 

cells located in the dorsal CMZ and acts by protecting them from the proliferative effect of 

the THs (Marsh-Armstrong et al., 1999). Accordingly, during metamorphosis, only the stem 

cells located in the ventral CMZ which do not express D3 increase their mitotic divisions, 

resulting in the asymmetric cell growth pattern of the retina (Marsh-Armstrong et al., 1999). 

Moreover, it has been proposed that these dramatic modifications occuring during 

amphibian metamorphosis are triggered by the same genetic actors, namely Bmp and Shh, 

playing a role during early development (Stolow and Shi, 1995; Ishizuya-Oka et al., 2001). 

Although the molecular and cellular processes triggering metamorphosis in 

amphibians have been well studied, very little has been done concerning flatfish 

metamorphosis. Metamorphosis in flatfish transforms a pelagic symmetric larva into a 

benthic asymmetric one. During this transformation triggered also by the THs (Power et al., 

2001), the eye and the nostril migrate from one side across the back to the other side of the 

body. In parallel of these modifications, several other morphological, anatomical, 

biochemical and physiological changes occur in the whole organism (Evans and Fernald, 

1993; Graf and Baker, 1983; Schreiber, 2001). In addition, during flatfish metamorphosis the 

retina radically changes with the appearance of rod and double cone photoreceptors and a 

new ratio between neuronal connections (Evans and Fernald, 1993). This extremly protracted 

development in flatfish provides a unique opportunity to study sequentially the events 

leading to cell proliferation and differentiation in the retina. However, few molecular studies 

concerning retinal development and metamorphosis in flatfish have been carried out to date.  
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In order to characterize the complex process occuring in the flatfish retina during 

metamorphosis, we looked at the cellular level with a marker of cell division and two retinal 

marker genes. In this study, we first show that cell proliferation in the photoreceptors layer 

of the turbot retina is activated during metamorphosis preceeding the appearence of 

rhodopsin expression suggesting that the scotopic vision in flatfish is acquired during this 

process. We also found in turbot that cell proliferation at the CMZ during and after 

metamorphosis is higher in the ventral retina than in the dorsal one, a process which may be 

controlled by the retinal asymmetric expression of the turbot type 3 deiodinase gene (SmD3). 

Finally, because the asymmetric growth at the CMZ of the retina also occurs in Xenopus, 

these results suggest an evolutionary convergence between these two visual systems. 

 

12.3 Materials and methods 
 

12.3.1 Experimental animals 
 

Embryos, larvae and juveniles of turbot (Scophthalmus maximus) were obtained at the 

France Turbot company in Noirmoutier (France) where they were reared in sea water at 16 

°C following the protocol of (Person-Le-Ruyet, 1989). They were collected at different 

developmental stages and frozen in dry ice for RNA extraction, or fixed overnight in 4% 

paraformaldehyde (PFA) in PBS at 4°C, washed in PBS, and finally stored in methanol at -

20°C for whole mount in situ hybridization. The preparation of the eye sections used for in 

situ hybridization was carried out as described below (see Cell Proliferation assay with BrdU 

and histochemistry). 

 

12.3.2 Cloning of the full-length SmD3 cDNAs 
 

A Scophthalmus maximus fragment of the type 3 Deiodinase (D3) gene was isolated by 

nested PCR after reverse transcription of mRNA extracted from a pool of embryos (48, 72, 96 

and 120 hours post-fertilization; hpf) and larvae (20 days post-hatching; dph). Nested 

degenerated primers for SmD3 (forward: 5’CCGYTGGTKSTCAATTTYGGCAGCTG3’; 

nested forward: 5’GCTGYACCTGACCMCCGTTCATGGC3’; reverse: 

5’TCSGGSCCMCGRCCBCCCTGGTACA3’) were used for PCR with the following 

conditions: 2 minutes at 95°C, 15x(20 seconds at 94°C, 1 minute at 37°C, 1 minute at 68°C) 
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then 25x(20 seconds at 94°C, 1 minute at 42°C, 1 minute at 68°C) followed by 7 minutes at 

68°C. The conditions for the nested PCR were : 2 minutes at 95°C, 30x(20 seconds at 94°C, 1 

minute at 48°C, 1 minute at 68°C) followed by 7 minutes at 68°C. 

Full-length sequence of SmD3 was obtained by 5’ and 3’ RACE PCR using the 

standard protocol (Clontech). Nested forward and reverse specific primers were designed 

from fragments of S. maximus D3 (forward: 5’CCGTATCAGATCCCCAAGCACCGCTGC3’; 

nested forward: 5’GCAGCAGCGTGGTGGTGGACGACATGG3’ ; reverse: 

5’CCATGTCGTCCACCACCACGCTGCTGC3’; nested reverse: 

5’GCAGCGGTGCTTGGGGATCTGATACGG3’) and used in PCR with the following 

conditions: 2 minutes at 95°C, 30x (13 seconds at 94°C, 1 minute at 63°C, 3 minutes at 68°C) 

followed by 7 minutes at 68°C. Same conditions were used for the nested PCR except that the 

number of cycles was 25. 

 

12.3.3 Protein alignment, inference of phylogenetic tree and sequence 

analysis 

 

Deduced full-length amino acid sequence of D3 was aligned using PipeAlign 

(Plewniak et al., 2003). The Phylo_win version 2.0 software program was used to infer 

phylogenetic trees (Galtier et al., 1996). After removing gaps, trees were inferred by the 

Neighbor Joining method (NJ). The degree of support for internal nodes was assessed using 

1000 bootstrap replications. Sequences were analyzed by BLASTP (Altschul et al., 1997). 

 

12.3.4 In situ hybridization 
 

The in situ hybridization on whole mount and sections were carried out as described 

elsewhere (Thisse et al., 2004; Besseau et al., 2006) except the hybridization and washing 

temperatures which were 67°C. Details of the SmPax6, SmOtx5, SmBmp4 and SmD3 

riboprobes are available upon request.  

 

12.3.5 Cell Proliferation assay with BrdU and histochemistry 
 

Larvae, metamorphic larvae and juveniles of turbot were soaked in a 100 µM, 1 mM 

and 10 mM BrdU (Sigma) solution, respectively, during two days. They were then removed 
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and fixed in a 4% PFA solution overnight at 4°C. For larvae older than 17 dph (days post-

hatching), the two eyeballs were removed from the head. After several washes in PBS, the 

larvae and eyeballs were dehydrated in graded series of PBS/glycerol/sucrose solutions 

(Besseau et al., 2006), embedded in Tissue Freezing Medium (Jung) and frozen in dry ice. 

They were then cut (30 µm) using a Leica CM1900 cryotome and dried at 37°C overnight. To 

detect BrdU, sections were rehydrated in two washes of 5 minutes in PBST and incubated in 

0,05% trypsin with 0,05% CaCl2 in PBS at 37°C during 10 minutes. Inactivation of the enzyme 

was carried out in 10 mg/ml trypsin inhibitor in PBS during 10 minutes and the DNA was 

denatured in 4M HCl during 23 minutes at room temperature (RT). The sections were then 

washed twice for 5 minutes in PBST and incubated for 30 minutes in blocking solution (BS) 

(2 mg/ml BSA; 3% sheep serum) before incubation in the primary antibody (mouse anti-

BrdU, Sigma) at a 1:1000 dilution in BS during 2 hours at RT. The sections were then washed 

three times for 5 minutes and once for 1 hour in BS and incubated in secondary antibody 

(goat anti-mouse FITC, Sigma) at a 1:500 dilution during two hours. After six washes of 10 

minutes in PBST and one more in PBS they were mounted in 100% glycerol with DABCO 

(0.3%). Fluorescent staining was examined with an epifluorescence microscope. 

Immunodetection of rhodopsin on cryosections was carried out as described 

elsewhere (). The primary antibody (rabbit anti-rhodopsin) was used at a 1:200 dilution in BS 

during two hours. The secondary antibody (goat anti-rabbit AP, Sigma) was used at a 1:500 

dilution during two hours. 

 

12.4 Results 
 

12.4.1 The rhodopsin appears in the retina during metamorphosis  
 

Previous studies have shown that the flounder retina contains only cone 

photoreceptors before metamorphosis and that during this process double cones and rods 

appear (Evans and Fernald, 1993; Mader and Cameron, 2004). In order to determine if this 

retinal change also occurs in turbot, we tried to detect the rod specific photopigment 

molecule in retinae of different developmental stages using a polyclonal anti-rhodopsin 

antibody. Before metamorphosis, at about 14 dph, the turbot larval retina did not show any 

labeling even in the photoreceptor layer (PL)  (Figure 38A). In contrast, at the end of 
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metamorphosis, at about 60 dph, a labeling was seen specifically in the PL of the ventral 

retina (black arrowhead) but not in the dorsal one (white arrowhead) (Figure 38B-D).  

 

              
Figure 38. Immunodetection of rhodopsin in the retina of larvae and juveniles of turbot. (A-
D) Cryosections of a 14 dph larva (A) and an eyeball of a 60 dph juvenile (B-D) of turbot labeled 
with a primary anti-rhodopsin antibody and a secondary antibody coupled to alkaline phosphatase 
(see materials and methods for details). (C) and (D) show at a higher magnification the dorsal 
and ventral retina in (B), respectively. The white and black arrowheads show the dorsal and 
ventral PL, respectively. GCL, ganglion cell layer; INL, inner nuclear layer; PL, photoreceptors 
layer. Scale bar:  (A, B) 200 µm; (C, D) 50 µm. 
 

 

In Teleost fish, in contrast of the other retinal cell types which are generated by the 

CMZ, the rod photoreceptor cells are generated from dividing rod precursors located in the 

PL and circumferential larval zone (CLZ) (Otteson et al., 2001). In order to determine if such 

putative rod precursors are present in the retina of turbot larvae and early juveniles, we 

incorporated Bromodeoxyuridine (BrdU) in DNA of dividing retina cells in premetamorphic 

and metamorphic fish. Before metamorphosis, the larval retina displayed dividing cells 

labeling only in the CMZ (Figure 39A, B). During metamorphosis, retinal BrdU positive cells 

were detected in the CMZ but also in the PL (dashed white arrow), the retinal ganglion cell 

layer (GCL) and a ventral zone corresponding probably to the CLZ (white arrow) (Fig. 39G, 

H; data not shown).  
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Taken together, these results suggest that before metamorphosis, the turbot retina 

contains only cone photoreceptors and during the metamorphic process, the generation of 

rod photoreceptors from rod precursors located into the photoreceptor layer and ventral 

CLZ, begins.  

                   
Figure 39. Immunolocalization of dividing cells in pre-metamorphic, metamorphic and post-
metamorphic turbot retina. (A-H) Cryosections of a 12 dph larval (A, B), 27 dph metamorphic 
(C, D, G, H) and 60 dph juvenile (E, F) turbot retina labeled with a primary anti-BrdU antibody 
and a secondary antibody coupled to FITC (see materials and methods for details). The 
photographs in (A, C, E) and (B, D, F) show the dorsal and ventral retinae, respectively. The white 
and black arrowheads show the dividing cells at the dorsal and ventral CMZ, respectively. The 
dashed white arrow in (G) shows dividing cells in the ventral ONL. The white arrow in (H) shows 
dividing cells at the ventral CLZ. The white dashed line (C, E, F) displays the most apical part of 
the retina. GCL, ganglion cell layer; INL, inner nuclear layer; PL, photoreceptors layer. Scale bar: 
(A, B, H) 75 µm, (C, D) 150 µm, (E, F) 250 µm and (G) 30 µm. 
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Accordingly, at the end of the metamorphic process, rods are mostly found in the 

ventral flatfish retina. 

12.4.2 The cell growth pattern at the ciliary margin zone of the turbot retina 

becomes asymmetric during metamorphosis 

 
In ectothermic vertebrates, stem cells and retinoblasts located in the apical and more 

central part of the ciliary marginal zone (CMZ) of the retina, respectively, contribute to the 

continuous growth of this organ throughout the life of these organisms. To examine the 

process of cell growth in the CMZ during turbot metamorphosis, we performed BrdU 

incorporation in dividing cells at pre-metamorphic, metamorphic and post-metamorphic 

stages.  

Before metamorphosis, at about 12 days post-hatching (dph), BrdU incorporation in 

both the dorsal (Figure 39A) and ventral (Figure 39B) CMZ of the larval retina was 

symmetric as indicated by the number of BrdU positive cells. During metamorphic climax, at 

about 27 dph, the cell proliferation became asymmetric in the CMZ as indicated by an 

increase of the number of BrdU positive cells in the ventral retina (Figure 39C, D). At the end 

of metamorphosis, at about 60 dph, the CMZ of the turbot retina has kept the pattern of 

asymmetric cell growth as indicated by the number of positive BrdU cells (Figure 39E, F). No 

difference in BrdU incorporation was observed between both eyes (data not shown). To 

further characterize the retinal changes occuring during metamorphosis, we next compared 

the expression pattern of two retinal molecular markers between the dorsal and ventral 

retina, before metamorphosis and during end of metamorphic climax. The first one, Pax6, 

encodes a highly conserved transcription factor involved in the formation of the eye and is 

expressed strongly in the amacrine cells of the inner nuclear layer (INL), ganglion cells of the 

ganglion cell layer (GCL) and at a lower level in the stem cells and retinoblasts of the CMZ of 

the mature retina in mice and frogs (Marquardt et al., 2001; Perron et al., 1998). The second 

one, Otx5, is expressed in the differentiated photoreceptors and horizontal cells of the mature 

retina but not in the CMZ (Shen and Raymond, 2004). Whereas before metamorphosis, Pax6 

expression in turbot was mainly located to the inner nuclear layer (INL) (Figure 40A), after 

metamorphic climax, Pax6 was strongly expressed in the amacrine cells and more weakly in 

the retinal ganglion cells (Figure 40G). In addition, after metamorphic climax, a low Pax6 

expression was detected in cells of both the ventral (black arrowhead) and dorsal (white 

arrowhead) CMZ (Figure 40C, E). The number of Pax6 positive cells in the ventral CMZ 

(black arrowhead) was higher than in the dorsal one (white arrowhead) (Figure 40C, E). In 
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examining the expression of Otx5 in different developmental stages turbot retina, we could 

detect the expression of the gene only in photoreceptors before metamorphosis and in 

horizontal and photoreceptors cells after climax of metamorphosis (Figure 40B, H).  

             
Figure 40. Symmetric and asymmetric expression of SmPax6 and SmOtx5 in the pre-
metamorphic and metamorphic turbot retina, respectively. (A-H) The expression of SmPax6 
(A, C, E, G) and SmOtx5 (B, D, F, H) was localized by in situ hybridization on retinal cryosections 
(see materials and methods for details). (A, B) Eye sections of a 12 dph turbot larva hybridized 
with an anti-sense digoxygenin labeled SmPax6 (A) or SmOtx5 (B) riboprobe. In (A, B) the dorsal 
part of the eye is up. (C-H) Retinal sections of a 32 dph turbot juvenile hybridized with an anti-
sense digoxygenin labeled SmPax6 (C, E, G) or SmOtx5 (D, F, H) riboprobe. (G, H) show the 
center of the retina. The white (A-D) and black (A-B, E-F) arrowheads show the dorsal and 
ventral CMZ, respectively. The white dashed line in (C, E) show the border between the 
differentiated cells of the retina and the CMZ. GCL, ganglion cell layer; INL, inner nuclear layer; 
PL, photoreceptors layer. Scale bar: (A, B) 200 µm, (C-H) 150 µm. 
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In contrast to Pax6, no expression of Otx5 was detected in cells of the CMZ before and 

during metamorphosis (Figure 40B, D, F). Whereas the number of Otx5 negative cells was 

equal between the ventral (black arrowhead) and dorsal (white arrowhead) CMZ before 

metamorphosis, it was higher in the ventral CMZ (black arrowhead) than in the dorsal one 

(white arrowhead) after this process (Figure 40B, D, F).  

Taken together, these results indicate that the retinal stems cells and/or retinoblasts 

of the CMZ of turbot undergo a shift from a symmetric to an asymmetric proliferative 

pattern during metamorphosis and that this pattern is kept after this process.  

 

12.4.3 The type 3 deiodinase (SmD3) is expressed in the dorsal CMZ in 

premetamorphic turbot 

 

To find out the molecular actors involved in the process of asymmetric growth at the 

CMZ, we investigated a candidate gene encoding a type 3 deiodinase (D3). Indeed, this 

phenomenon of asymmetric growth at the CMZ was already observed during 

metamorphosis in the Xenopus retina (Beach and Jacobson, 1979b)). In this species, it was 

shown that the shift in the growth pattern of the CMZ was controlled by the thyroid 

hormones (THs) and a type 3 deiodinase (D3) which transforms the active hormones T4 and 

T3 into inactive forms (Marsh-Armstrong et al., 1999). During embryogenesis, the mRNA of 

D3 is accumulated in the dorsal CMZ of the frog retina until metamorphosis begins (Marsh-

Armstrong et al., 1999). At this stage, D3 activity increases dramatically in the retina 

protecting the cells in the dorsal CMZ of the THs proliferative effect. In contrast, the cells of 

the ventral CMZ where D3 is not expressed respond to the THs in increasing the number of 

mitotic divisions (Marsh-Armstrong et al., 1999).  

To examine whether a similar molecular mechanism triggers the metamorphosis of 

the turbot retina, we cloned D3 from the turbot and examined its expression pattern during 

embryonic and metamorphic stages. The first round of PCR using degenerated primers 

allowed isolating a 336 bp fragment displaying similarity with the deiodinase domain of type 

3 deiodinase (D3) from other species. From this sequence we designed nested reverse and 

forward specific primers allowing amplification of a 618 bp and 964 bp fragment by 5’ and 3’ 

RACE PCR, respectively. Put together, the two fragments correspond to the entire full-length 

cDNA of the SmD3 gene.  
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Figure 41. Nucleotide and deduced amino acid sequence of the S. maximus D3 cDNA and 
secondary structure of SECIS. (A) The nucleotide and amino acid positions are numbered and 
indicated on the right. The start and stop codons are indicated in bold letters. The deiodinase 
domain is shaded with the highly conserved selenocystein (U) amino acid indicated in bold letter. 
The Selenocystein Insertion Sequence (SECIS) is located in the 3’UTR and is indicated in bold 
letters. The putative polyadenylation signal is underlined. (B) Representation of the secondary 
structure of the SECIS RNA element. 
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The SmD3 cDNA contains a deduced 801 bp open reading frame (ORF) encoding 267 

amino acids flanked by a 72 bp 5’ UTR and a 753 bp 3’ UTR which is terminated by a 29 bp 

poly(A) tail (Figure 41A). In addition, the 3’UTR contains a Selenocystein Insertion Sequence 

(SECIS) of 114 bp allowing the translation of a premature stop codon located in position 463 

into the rare selenocystein amino acid (Figure 41B). The deduced SmD3 protein contains a 

deiodinase domain of 242 amino acids (shaded in Figure 41A) and a selenocystein amino 

acid in position 131 (Figure 41A). The complete deduced protein sequence was aligned with 

other vertebrate deiodinase proteins sequences available in the NCBI databank, and a 

phylogenetic tree was inferred allowing the conclusion that we cloned a SmD3 gene (Figure 

42). We next investigated the expression pattern of SmD3 in turbot embryos and larvae by in 

situ hybridization on whole mounts and sections with SmD3 digoxygenin labeled anti-sense 

riboprobes. At the early stages examined until 6 dpf, we did not detect any expression of 

SmD3 in the eye (data not shown), whereas SmBmp4 and SmBmp2, two marker genes of the 

dorsal CMZ in vertebrates (Papalopulu and Kintner, 1996), used as positive controls, were 

expressed in the dorsal CMZ of turbot retina of 4 dpf embryos (Figure 43B-D; data not 

shown). 

                     
Figure 42. Phylogenetic tree of D3 inferred by the Neighbor Joining method. The length of 
branches is proportional to the phylogenetic distance. The scale bar represents an evolutionary 
distance of 0.075 amino acid substitutions per site. 1000 bootstrap replications were used to 
test the robustness of each internal node (see materials and methods for details.). Accessions 
numbers of the sequences used for the tree inference are as follows : D3 of nile tilapia (OnD3) 
(CAA71997), D3 of african clawed frog (XlD3) (AAA49971), D3 of human (HsD3) (P55073), D3 
of turbot (SmD3) (ND), D3 of australian lungfish (NfD3) D3 of bullfrog (RcD3) (L41731) and D2 
of bullfrog as outgroup (Rc) (L42815). ND, not deposited. 
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Figure 43. Asymmetric expression of SmD3 and SmBmp4 into the CMZ of premetamorphic 
turbot retina. (A-D) The expression of SmD3 (A) and SmBmp4 (B, C, D) was localized by in situ 
hybridization on whole mount and retinal cryosections (see materials and methods for details). 
(A) Eye section of a 17 dph turbot larva hybridized with an anti-sense SmD3 digoxygenin labeled 
riboprobe. The distal part of the eye is toward the left. (B) 4 dpf turbot embryo hybridized with 
an anti-sense SmBmp4 digoxygenin labeled riboprobe. The anterior part of the embryo is toward 
the right. (C-D) Cryosections of the turbot embryo shown in (B). The white and black arrowheads 
in (A-D) show the dorsal and ventral CMZ, respectively. L, lens; PL, photoreceptors layer. Scale 
bar: (A) 200 µm, (C) 50 µm, (B, D) 25 µm.  
 

At later stages before metamorphosis, at about 17 dph, we found SmD3 expression in 

the dorsal CMZ (white arrowhead) and not in the ventral one (black arrowhead) (Figure 

43A). At later stages, the expression of both genes was undetectable in this organ (data not 

shown). Independent of the gene considered, no labeling was seen with the sense probes 

used as negative controls (data not shown). These results suggest that the shift from a 

symmetric to an asymmetric growth of the CMZ during turbot metamorphosis may be 

controlled by the asymmetric expression of the SmD3 gene. 

 

12.5 Discussion 
 

Whereas the changes occuring during amphibians metamorphosis have been now 

well studied (Marsh-Armstrong et al., 1999; Mann and Holt, 2001), little is known concerning 
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flatfish metamorphosis. The present study is the first one examining the retinal changes 

occuring during this process in turbot. We found that the principal photopigment molecule 

of the rod photoreceptors, namely rhodopsin, appears during metamorphosis, but not 

before, suggesting that the rod photoreceptor cell type is generated only after the larval life. 

This agrees well with what was found in halibut and flounder, two other flatfish species in 

which rods and rhodopsin were found only after the metamorphic process (Kvenseth, 1996; 

Evans and Fernald, 1993; Mader and Cameron, 2004). Interestingly enough, a cone-to-rod 

differentiation sequence was also reported in nonmetamorphic Teleost fish, as for instance in 

goldfish (Raymond, 1985). In larvae of this species, the PL of the retina is constituted of only 

cones (Johns, 1982; Raymond and Rivlin, 1987) and during maturation of this organ rod 

photoreceptors are generated mostly from precursors located into the CLZ and to a lesser 

degree from precursors located into the PL (Otteson et al., 2001). In contrast to goldfish, we 

found that during metamorphosis of turbot a zone of positive BrdU cells close to the CMZ, 

likely the CLZ, was only localized in the ventral part of the retina. According to this result, 

the rhodopsin was only found in the ventral postmetamorphic retina of turbot, respectively. 

Therefore, the appearance of rod photoreceptor cells in the flatfish juvenile retina, 

contributes to the acquisition of a scotopic vision allowing these animals to be adapted to 

their new habitat characterized by weak light conditions.  

An other asymmetric cellular process occuring in the turbot retina during and after 

metamorphosis is the asymmetric growth pattern at the CMZ. Interestingly, this difference of 

growth between the ventral and dorsal retina was already described in metamorphic and 

postmetamorphic Xenopus. In this species, due to an increase number of progenitors in the 

ventral CMZ compared with the dorsal CMZ, more cells are added to the ventral part of the 

retina than to the dorsal one. The increase of proliferation in the ventral CMZ is believed to 

allow the production of neurons in the portion of the retina viewing the new binocular visual 

field (Mann and Holt, 2001). In addition, this change is thought to compensate for the change 

in eye position observed during metamorphosis (Mann and Holt, 2001). This may also be the 

case for turbot which displays an important remodelling of the larval visual system during 

metamorphosis allowing the juvenile to acquire a new binocular visual field. Previous work 

in frogs and this study in turbot suggest that the asymmetric growth in the CMZ of both 

species may be controlled by the asymmetric expression of the type 3 deiodinase (Marsh-

Armstrong et al., 1999). This selenocystein containing enzyme acts in removing an iodine 

atom from the inner ring of the T3 and T4 hormones to convert them into inactive compounds 

that will be eventually metabolized to tyrosine (Becker et al., 1997). It was shown that the 
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mRNA of this enzyme are expressed in the retinal progenitor cells of the dorsal CMZ in the 

Xenopus embryo as early as stage 22 before any functional thyroid gland is developed. 

However, altough this gene is expressed very early, the D3 activity in the frog retina peaks 

much later only at metamorphic climax at stage 62. It acts in preventing the dorsal CMZ 

from responding to the THs signal which controls the metamorphic process. In contrast, the 

retinal progenitors of the ventral CMZ where the D3 is not expressed respond to the THs in 

increasing their proliferation. Although in our study we found SmD3 expression in the 

dorsal pre-metamorphic retina, a zone corresponding likely to the CMZ, we could not 

examine the functionality of this enzyme in vivo because of the technical limitations of the 

turbot model system. 

 Eye inversion studies in frog embryos showed that the growth pattern in the 

metamorphic retina is determined during embryogenesis (Beach and Jacobson, 1979b). 

Therefore, an unknown factor expressed during embryogenesis would be directly involved 

in the regulation of metamorphosis through the regulation of D3 expression. Two good 

candidates for the unknown factor would be the Bmp2 and Bmp4 genes involved in the BMP 

signaling pathway. They encode secreted molecules containing a TGFβ domain acting as 

morphogens and are known to control cell growth and development (for review see Schier 

and Talbot, 2005; Varga and Wrana, 2005). In frog and turbot, both genes are expressed 

transiently into the embryonic retina specifically into the cells of the dorsal CMZ, but not in 

the ventral ones (Papalopulu and Kintner, 1996; this study). In the future, the hypothesis of a 

regulation of D3 expression by the BMP signaling pathway will have to be tested. 

In conclusion, this study suggests that the metamorphosis of the turbot visual system 

displays an evolutionary convergence with the one of Xenopus. In both ectothermic 

vertebrates, this process transforms a larva harboring a panoramic visual field into a juvenile 

harboring a binocular one. This is achieved by the migration of the eyes and the asymmetric 

growth of the retina. 
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             reviously, we have shown that the establishment of the functions between the 

pineal gland and retina is temporally, spatially and functionally different during Teleost 

development. To better understand the molecular mechanisms triggering formation of both 

photoreceptive organs, we examined the functions of the Paired box 6 (Pax6) gene, a master 

key player for photoreceptors development and evolution (Gehring and Ikeo, 1999), in the 

zebrafish. In addition, during my master degree, we found a new alternative Pax6 splice 

variant containing a new identified exon. Although the functions of Pax6 during mammalian 

development have been described in details, the functions of this gene and its splice variants 

during Teleost development remains poorly documented. 

The following work presents the characterization and the functions of two alternative 

splice variants of Pax6 during zebrafish development. 
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13. Characterization and functions of two alternative      

Pax6.2 splice variants in photoreceptive organs 

and forebrain development in zebrafish 
 

 

13.1 Abstract 
 

The development of the central nervous system including the eyes in eumetazoa is 

triggered by several highly conserved molecules including signaling molecules and 

transcription factors. Among them, Pax6 encoding a DNA binding protein was shown to be 

one of the master controlling gene for eye development in vertebrates and invertebrates. In 

addition, it has been demonstrated by knock out experiments in mice that the different 

activities of this transcription factor can be modified by alternative splicing. Unfortunately, 

whereas several alternative splice variants have been described from amphioxus to human, 

their functions has not been yet examined in vivo. 

In this study, we report in zebrafish (Danio rerio) the cloning of a new alternative 

Pax6.2 splice variant, namely Pax6.2(2a), encoding a truncated protein without its N-terminal 

18-19 amino acids compared with the canonical Pax6.2 (Pax6.2c). We studied the expression 

of both, Pax6.2c and Pax6.2(2a) splice variants, during zebrafish development and report that 

both are able to induce ectopic eyes when overexpressed in larval imaginal discs of fly. A 

PCR screen and an in silico study revealed that the Pax6.2 exon 2a is present from amphioxus 

to human but not in ascidians. Finally, we provide evidences that the PAX6.2(2a) splice 

variant is principaly involved in the morphogenesis and patterning of the forebrain, 

including hypothalamus, whereas PAX6.2c is necessary for both, forebrain development and 

proper dorso-ventral patterning of the optic cups. 

 

13.2 Introduction 
 

During eumetazoa development, the formation of the central nervous system (CNS) 

and the photoreceptive organs is triggered by the activity of several conserved proteins 

including signaling molecules and transcription factors (Gehring and Ikeo, 1999; Sharman 

and Brand, 1998; Leuzinger et al., 1998; Nagao et al., 1998; Tomarev, 1997; Lupo et al., 2005). 
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Among them, Pax6 encodes a highly conserved transcription factor containing two DNA 

binding domains, the paired domain and paired-like homeodomain, both separated by a 

flexible, glycin-rich acidic linker region (Krauss et al., 1991; Wilson et al., 1995). PAX6 acts as 

an activator of gene expression via its transactivation domain enriched in proline, serine and 

threonine located in the C-terminal end of the protein following the homeodomain (Glaser et 

al., 1994; Carriere et al., 1995; Czerny and Busslinger, 1995; Tang et al., 1998). In vertebrates, 

Pax6 is expressed in the developing CNS including forebrain, hindbrain, eyes, pineal gland, 

nose and spinal chord of the embryo (Krauss et al., 1991; Turque et al., 1994; Walther and 

Gruss, 1991; Wullimann and Rink, 2001; Estivill-Torrus et al., 2001), as well as in the 

endocrine cells of the pancreas where it regulates the biosynthesis of insulin and glucagon 

(Ashery-Padan et al., 2004; St-Onge et al., 1997; Turque et al., 1994; Beimesche et al., 1999). In 

the genome of all vertebrates examined to date, only one Pax6 gene have been found, 

excepted in zebrafish in which two Pax6 genes, namely Pax6.1 and Pax6.2, are present 

(Nornes et al., 1998). In this species, both genes are expressed in overlapping and specific 

areas in the CNS and the photoreceptive organs (Nornes et al., 1998). In invertebrates, Pax6 is 

also expressed in the CNS and the eyes (Hartmann et al., 2003; Kammermeier et al., 2001; 

Czerny and Busslinger, 1995, Quiring et al., 1994). Heterozygous mutations of Pax6 lead to 

severe eye and CNS phenotypes such as Aniridia and Peter’s anomaly in human, Small eye 

(Sey) in rodents and Eyeless (Ey) in fruit fly, whereas homozygous mutations are lethal (Ton 

et al., 1991; Hanson et al., 1995; Hill et al., 1991; Matsuo, 1993; Quiring et al., 1994, Hogan et 

al., 1986; Glaser et al., 1994). Overexpression of Pax6 leads to the induction of ectopic eyes in 

frog and fly, indicating that it is one of the master genes in eye development (Halder et al., 

1995; Chow et al., 1999; Onuma et al., 2002; Zuber et al., 2003).  

The different functions of PAX6 are determined by the specific activities of the paired 

domain, paired-like homeodomain and transactivation domain of the protein (Haubst et al., 

2004; Punzo et al., 2001). These activities can be modified by alternative mRNA splicing. In 

vertebrates, the best known example is the presence or absence, in the N-terminal 

subdomain of the paired domain, of an alternative 42 bp exon, namely exon 5a, encoding a 

14 amino acids sequence (Epstein et al., 1994a; Epstein et al., 1994b; Azuma et al., 1999; Singh 

et al., 2002). The exon 5a insertion into the PAX6 paired domain allows unmasking the DNA 

binding potential of the C-terminal subdomain allowing the PAX6 protein to bind other 

DNA binding sites (Epstein et al., 1994a; Epstein et al., 1994b; Kozmik et al., 1997). Notably, 

the targeted exon 5a deletion in mice by the Cre/loxP system leads to eye defects in the iris, 

cornea, lens, and retina (Singh et al., 2002). A single base mutation at the 20th nucleotide 
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position of exon 5a, which results in a valine to asparagine substitution, leads to severe eye 

defects in human (Azuma et al., 1999). Besides this well known example, the existence of 

other Pax6 splice variants has been reported but their functions have not been examined in 

vivo (Jaworski et al., 1997; Glardon et al., 1998; Mishra et al., 2002). 

Here we report the cloning of a new alternative Pax6.2 splice variant in the zebrafish 

(Danio rerio) which is characterized by the insertion of a 71 bp exon, namely 2a, introducing 

an internal stop codon into the canonical Pax6.2 (Pax6.2c). This variant called Pax6.2(2a) 

encodes a truncated protein without its 18-19 N-terminal amino acids, compared with the 

Pax6.2c. We studied the expression of both, Pax6.2c and Pax6.2(2a), during zebrafish 

development and show that both induce ectopic eyes when overexpressed in larval imaginal 

discs of fly. A PCR screen and an in silico study revealed that Pax6.2(2a) is present from 

amphioxus to human and is absent in ascidians. Finally, we provide evidences that the 

PAX6.2(2a) splice variant is principaly involved in the morphogenesis and dorso-ventral 

(DV) patterning of the forebrain, including hypothalamus, whereas  PAX6.2c is necessary for 

both, forebrain development and DV patterning of the eyes. 

 

13.3 Materials and Methods 
 

13.3.1 Fish lines 
 

Zebrafish (Danio rerio) were maintained on a 14h light/10h dark (LD) cycle at 28.5 °C 

and bred as described previously (Westerfield, 1993). Eggs were obtained as described 

previously (Westerfield, 1993). For whole mount in situ hybridization studies, 

phenylthiocarbamide (PTU; 0.2 mM) was added to eggs water at 12 hpf to prevent 

pigmentation . 

 

13.3.2 Cloning and contruction of the full-length Pax6.2(2a) splice variant 
 

A PCR strategy was used on extracts from 78 hours post-fertilization (hpf) old larvae 

to isolate the Pax6.2(2a) splice variant with the following specific primers designed from the 

5’ UTR (forward: 5’GAGATTTCCACACCGTACGGG3’, bases 5-25) and 3’ UTR  (reverse: 

5’GTCTG TGCGCTCAAGTCAAAGGGCGTA3’, bases 1585-1611) of Pax6.2c. Messenger 

RNA were extracted with the TRIzol reagent (Invitrogen) and reverse transcribed in cDNA 

with the Superscript-II (Gibco) before being used for PCR amplification with the Advantage 
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High Fidelity kit (Clontech): 1 minute 40 seconds at 95 °C, 30x(13 seconds at 94 °C, 1 minute 

at 63.5 °C, 2 minutes at 68 °C), followed by a final extension time of 7 minutes at 68 °C. A 

fragment of about 1.5 kb was obtained and cloned into the pCR2.1-TOPO vector. Eighteen 

clones were sequenced and two corresponded to the Pax6.2(2a) cDNA. After verification that 

only one exon insertion occurs in the Pax6.2(2a) compared to the Pax6.2c cDNA, we 

exchanged the first 300 bp of the full-length Pax6.2c cDNA (a gift from Dr. Stefan Krauss) 

with the first 371 bp of the Pax6.2(2a) variant in order to obtain a full-length Pax6.2(2a) 

cDNA. For this purpose, we digested the cDNA of Pax6.2(2a) with EcoR1 and Pml1 and 

Pax6.2c with Xho1 and Pml1 and we purified two fragments of about 400 and 1400 bp, 

respectively. Both were then inserted into the vector pBluescript II KS digested with EcoR1 

and Xho1. The correct sequence of the full-length Pax6.2(2a) cDNA obtained was then 

controlled by sequencing. 

 

13.3.3 Genomic localization of the new exon 2a 
 

The genomic position of the new exon was located by PCR on a zebrafish genomic 

DNA template extracted with a PCR extraction buffer (10mM Tris pH8, 2 mM EDTA, 0.2 % 

Triton X-100, 200 µg/ml Proteinase K) from 78 hpf larvae. The second intron was amplified 

with the following specific primers designed from the second exon (forward: 

5’GGGCTCAGGCGCTGGAGCAGAATGCCT3’) and the third exon (reverse: 

5’CGCCACTCCTGATTCCCACGTGGGTTG3’) and sequenced.  

 

13.3.4 Whole mount in situ hybridization 
 

Whole mount in situ hybridization was performed as described in Thisse et al. (2004) 

except that hybridization temperature and washes were at 67.5 °C. Details on the Pax2b, 

Six3b, Emx3, Ngn1, ExR, Flh, Dlx2 riboprobes are available upon request. The Pax6.1 and 

Pax6.2 , Otx5, Vax1 and Vax2 riboprobes were a gift from Dr. S. Krauss, J. Gamse and S.W. 

Wilson, respectively.  
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13.3.5 Constructs, in vitro transcription of messenger RNA and detection 

of eGFP 

 

To test the specificity of the morpholinos used during this study, we generated two 

different constructs. The 5’UTR and partial ORF of Pax6.2c (bases 17 to 375) or Pax6.2(2a) 

(bases 17 to 446) cDNA were cloned into the EcoRI/BamHI restriction sites of the modified 

N2eGFP vector (Clontech) (T7N2eGFP). The T7N2eGFP vector was constructed by inserting 

a T7 promotor taken from the pBluescript KSII (Stratagene) into the NheI/SacI restriction 

sites of N2eGFP. Both constructs, namely 6.2UTR/eGFP and 6.2(2a)UTR/eGFP, are in frame 

with the enhanced green fluorescent protein (eGFP) and the SV40 polyA signal. In vitro 

synthesis of mRNA from 6.2UTR/eGFP and 6.2(2a)UTR/eGFP cDNA was carried out with 

the mMessage mMachine kit (Ambion) using the standard procedure. Messenger RNA was 

injected at the one to two cell stages. EGFP was detected at 12 hpf with an epifluorescence 

binocular. 

To examine if both Pax6.2 splice variants were synthetized in vivo, we made five 

similar constructs as above with some modifications. First, the start codon of eGFP was 

mutated from methionine to asparagine (M N) in order to avoid any translational 

interferences with the other putative start codons of Pax6.2c and Pax6.2(2a). Then, the 5’UTR 

and partial ORF (bases 17-330) of Pax6.2c and Pax6.2(2a) were inserted into the T7eGFPM N 

vector. Mutations of the putative start codons were carried out by PCR with mutated 

primers. Messenger RNA transcription and injections were carried out as indicated above. 

Detection of eGFP was performed with a rabbit anti-GFP (Torrey Pines Biolabs) at a 1:1000 

dilution and an alkaline phosphatase coupled to an anti-rabbit secondary antibody (Zymed) 

at a 1:300 dilution.  

  

13.3.6 Injections of morpholinos 
  

Morpholinos (MO) were purchased from Gene Tools, LLC (Oregon) and designed 

against the first start codon of Pax6.1c (Pushel et al., 1992) (GenBank accession number 

NM_131304 ) and Pax6.2c (Nornes et al., 1998) (GenBank accession number NM_131641) and 

against the putative start codon of the Pax6.2(2a) and Pax6.1(2a) transcripts. The sequences of 

the MOs targeting Pax6.1c/Pax6.2c and Pax6.1(2a)/Pax6.2(2a), namely Mo3 and MoV, are 

respectively:  

Mo3 (complementing bases): 5’ GGTTATAGTATTCTTTTTGAGGCAT 3’ 
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MoV (complementing bases): 5’ CGCCACTGTGACTGTTTTGCATCAT 3’ 

Different controls were used to test the MOs specificity and associated phenotypes:  

Fisrt a second set of shifted morpholinos was used to knock down the translation of the 

Pax6.1c/Pax6.2c  and Pax6.1(2a)/Pax6.2(2a) transcripts: 

Pax6.1cMo (complementing bases 481-505): 5’ TATTCTTTTTGAGGCATAGTTCCAA 3’ 

Pax6.2cMo (complementing bases 254-278): 5’ GTATTCTTTTTGAGGCATTCTGCTC 3’ 

MoV2 (complementing bases Pax6.1:537-561; Pax6.2: 309-333): 

5’TGTGACTGTTTTGCATCATGGACGC 3’ 

Second, as negative controls, we used the standard MO control (MoC) provided by Gene 

Tools, LLC (Oregon) which sequence is 5’CCTCTTACCTCAGTTACAATTTATA3’ and a 

MoV2 containing five mismatches (MoV2.5mut) which sequence is 

5’TGTAACTGTTGTGCATTACGGATGC3’. 

MOs were diluted in water (1 mM) and injected (1 to 4 nl) into embryos at the one to four-

cells stages and at a concentration of 0.25 mM (Mo3), 0.3 mM (MoV, MoV2, MoV25mut) and 

0.5 mM (MoC, Pax6.1c/Pax6.2cMo). 

 

13.3.7 Transient transfection  
 

The full-length Pax6.2c and Pax6.2(2a) cDNAs were cloned into the EcoR1/Xho1 site 

of  pcDNA3 (Promega), respectively. Each construct was transfected to HeLa cells using the 

Lipofectamine reagent (Invitrogen) according to the manufacturer’s protocol. The cells were 

grown in Dulbecco’s medium (Gibco-Invitrogen) in Petri dishes supplemented with 10% 

fetal bovine serum,  1 mM sodium pyruvate, penicillin (100 units/ml) and streptomycin (100 

µg/ml). 

 

13.3.8 Western blot analyses 
  

Preparation and immunoblotting of extracts from transfected HeLa cells were carried 

out as reported previously (Even et al., 2006). Zebrafish PAX6s were detected using a rabbit 

polyclonal antibody (1: 2000 dilution) raised against the carboxyl terminal end of the protein 

(Covance). Secondary antibodies coupled to horseradish peroxydase and an ECL Plus kit 

(Amersham LIFE SCIENCE) were used for the photo detection.  
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13.3.9 Targeted expression of PAX6.2c and PAX6.2(2a) in Drosophila 
 

Ectopic expression of PAX6.2c and PAX6.2(2a) in larval imaginal discs of D. 

melanogaster was performed using the Gal4 system (Brand and Perrimon 1993). Full-length 

Pax6.2c and Pax6.2(2a) cDNAs were cloned in the pUAST vector (Brand and Perrimon, 1993) 

in the EcoR1/Xho1 site. For each constructs, transformant flies from three independant 

transgenic lines were crossed to the dppblink /Gal4 line. 

 

13.3.10 In vitro translation 
 

In vitro translation was performed using the TNT Coupled Reticulocyte Lysate 

Systems (Promega) as described in the manufacturer’s protocol. Full-length Pax6.1c and 

Pax6.2c cDNAs were transcribed with the T3 polymerase and the full-length Pax6.2(2a) 

cDNA with the T7 polymerase. Synthetized 35S-Met radiolabeled proteins were loaded on a 

12% acrylamide gel and detected by autoradiography.  

 

13.3.11 Real time quantitative PCR 
 

Total RNA was extracted from embryos and larvae at different developmental stages 

with the Trizol Reagents (Invitrogen) and reverse transcribed with SuperScript III 

(Invitrogen) as described in the kit protocol. A 10-fold dilution of the cDNA obtained was 

used as a template for quantitative PCR amplification. Real time PCR was performed by 

means of a Light Cycler (Roche) and QuantiTectTM SYBR® Green PCR kit (Qiagen) under the 

following conditions: 15 minutes at 95°C, 15 seconds at 94°C, 20 seconds at 56°C, 10 seconds 

at 72°C over 50 cycles. The fluorescence of the amplified products was detected during 5 

seconds at 76°C after the elongation step. For each sample point, a melting curve was 

obtained at the end of the PCR amplification to verify the specificity of the amplificon. In 

each experiment and for each gene, a standard curve generated by four dilutions from one 

cDNA sample was included in the PCR amplification to determine an expression value for 

each samples. Elongation factor 1 alpha  (Ef1α) was used as a housekeeping gene for 

normalization of the data. The following specific primers used in the quantitative PCR 

experiment were designed with the Primer3 software (Rosen and Skaletsky, 2000): 

Pax6.2c:  

forward: 5’CCATTGGACAGTCATTGTTTATTTC3’;  
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reverse: 5’GGGTTGGTTATGGTATTCTTTTTGA3’;  

Pax6.2(2a): 

forward: 5’AAGAGGGACGCTGGGAAAA3’;  

reverse: 5’CAGAGTTGACTGTCCGTTTA3’; 

EF1α:  

forward: TCCCAACCTCTTGGAATTTCTC;  

reverse: 5’TGAAAGAGGCACTATCAGTCAAT3’.  

 

Each experiment was conducted three times. 

 

13.3.12 Cloning of exon 2a from different animal species 
 

Exons corresponding to zebrafish exon 2a and corresponding introns were amplified 

by PCR from cDNAs and genomic DNA from different animal species. The following 

specific primers were used against cDNA of:  

zebrafish pax6.1: 

forward: 5’GGATATTTTAATAGAGTGAAGCAG3’, 

nested forward: 5’GTTTTAAGCGGACAGTCAACTCTG3’, 

reverse: 5’GCGCGCCACTGTGTGCGAGTTCAAC3’, 

nested reverse: 5’GTCTCGTGGAGTCGGGTTAGCGGTC3’; 

medaka (Oryzia latipes): 

forward: 5’GGGAGACATTAAGTAGTGAAAACGGC3’, 

nested forward: 5’GTGGAC AGTCAACTCTGTTTCCAG3’, 

reverse: 5’GGGTCGCGCGCCGCTGTGA GCAAGTT CC3’, 

nested reverse: 5’GTATTCTGGAGATGTCGCAGGGTCGCGC3’; 

turbot (Scophthalmus maximus): 

forward: 5’GGGAGACATTAAGTAGTGAAAACGGC3’, 

nested forward: 5’GTGGACAGTCAACTCTGTTTCCAG3’, 

reverse: 5’GTCGCA GGGTCGAGCACCACTGTG3’, 

nested reverse: 5’TGCCTGGTGGAATCCGGCAGCGGTC3’;  

newt (Cynops pyrrhogaster)  

forward: 5’AGACTTTAAGTAGAGGCAAGCAGAT3’, 

nested forward: 5’GTGTGAGCCTTTTAATTGCATGACA3’, 

reverse: 5’TACCAGCCCGGCCGGGTGCCCCAGG3’,  
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nested reverse: 5’GTCTGTCCGTTCAGCATCCGCAGCT3’; 

lancelet (Amphioxus floridae): 

forward: 5’AGTACGGCTCTATGTTATAACGTAG3’, 

nested forward: 5’GTTGTCGCAGATCAAACCATTTCCC3’, 

reverse: 5’TGTTCTTCTCTCCGCTCGCCAGGTT3’, 

nested reverse: 5’GCGGTTAATGGAAGAAACGCTGGGG3’.  

 

The following specific primers were used against genomic DNA of 

Newt: 

forward: 5’GGGGGCCGACTCCGAGCACCGCAG3’, 

nested forward: 5’CGAGCACCGCAGACCGGCAGCCATG3’, 

reverse: 5’CTGCTCCAGCGCGATCCCCTGTGT3’, 

nested reverse: 5’CAGCGCGATCCCCTGTGTCTCCCTT3’; 

lancelet:  

forward: 5’GGTGGACGTCAAGCCGACCATGCCCC3’, 

reverse: 5’CCGGGCTGTACTGCGCATGCTCGTCC3’; 

turbot: 

forward: 5’GGACTTTGACAACGACGCAGGATG3’, 

nested forward: 5’AACGACGCAGGATGCCCCAAAAA3’, 

reverse: 5’TGCATCATTGAGGCTACTCCAGAC3’, 

nested reverse: 5’CACGTGGCTTGGTTGTGG3’. 

 

For the genomic Pax6.1, Pax6 of Ciona intestinalis (CiPax6) and HsPax6, the sequences were 

found in the ensembl database. For the cDNA of CiPax6 and HsPax6, the sequences were 

found in the ensembl database. 

 

13.4 Results 
 

13.4.1 Isolation of a new zebrafish Pax6.2 splice variant transcript, namely 

Pax6.2(2a), and genomic localization of the new exon 

 
A specific RT-PCR was used to isolate a cDNA fragment covering the entire open 

reading frame (ORF) and a part of the 5’ and 3’ UTR of the Pax6.2(2a) transcript from 78 hpf 
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old larvae mRNA. The full-length Pax6.2(2a) cDNA was subsequently obtained by making a 

construction between the Pax6.2c and Pax6.2(2a) cDNAs (see materials and methods). The 

Pax6.2(2a) transcript harbors one more 71 bp exon, namely exon 2a, compared with the 

Pax6.2c transcript. It is located in the ORF between exon 2 and 3 and it introduces a 

premature stop codon six amino acids after the putative first start codon (Figure 44A-B).  

To localize the genomic position of the exon 2a on the Pax6.2 gene, we performed a PCR on 

zebrafish genomic DNA with specific primers designed from exon 2 and 3 leading to the 

amplification of a DNA fragment of about 3000 bp. The sequencing of this fragment 

indicated that it corresponds to intron 2 of Pax6.2 including exon 2a located about 200 bp 

before the third exon (Figure 44A). 

 

 
Figure 44. Nucleotide sequence, genomic location and conservation of the zebrafish Pax6.2 
exon 2a transcript. (A) Schematic drawing of the Pax6.2(2a) transcript (up) containing an 
additional exon, namely 2a, compared with the canonical Pax6.2 (Pax6.2c) and genomic location of 
the exon 2a in the zebrafish Pax6.2 gene (down). The exon 2a introducing a putative internal 
stop codon is located after the first putative start codon of Pax6.2c. (B) Representative RT-PCR 
amplification from mRNA of 78 hpf zebrafish larvae with two specific primers of Pax6.2 located 
on exon 2 and 3. Presence or absence of the exon 2a in the amplified fragments is indicated by 
+2a or -2a, respectively.  
 

13.4.2 Conservation of the zebrafish exon 2a sequence in other chordate 

species 

 
To assess the relevance of the Pax6.2(2a) transcript function, we performed a PCR and 

in silico screen to determine whether the exon 2a sequence was also found in other chordate 

species including urochordates, cephalochordates, Teleosts, amphibians, birds and 

mammals. First, we examined in silico the presence of homologous sequences of exon 2a in 

the genomes of chordates available at the Ensembl and Japanese databases. It was found in 

A 

B 
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the Pax6 gene of medaka, Pax6.1 of zebrafish and Pax6 of human with the conservation of the 

stop codon but not in the genome of the urochordate Ciona intestinalis (Table 2; Figure 45). It 

was also found by PCR in genomic DNA of turbot, newt and amphioxus Pax6 (Table 2; 

Figure 45). These genomic sequences allowed designing specific primers that were used to 

detect the presence of the transcript encoding the putative truncated protein in embryos and 

larvae of newt, turbot, medaka and zebrafish (Table 2). The exon was also expressed in the 

canonical Pax6 transcript of human. The conservation of this exon among chordates suggests 

that this alternative transcript might play an important role during development. 

 

 

Table 2. In silico and PCR screening for the Pax6.2 exon 2a sequence in genomic DNA 
(gDNA) and mRNA of different animal species. Amphioxus (B. floridae), zebrafish (D. rerio), 
medaka (O. latipes), turbot (S. maximus), newt (C. pyrogaster) and human (H. sapiens). + : 
positive. ND, not determined. 

 

 

Figure 45. Multiple alignment of Pax6 exon 2a nucleotide sequence. Human (Hs), mouse (Mm), 
newt (Cp), turbot (Sm), medaka (Ol), zebrafish (Dr) and amphioxus (Bf). The highly conserved 
stop codon is shaded. 

 
 

13.4.3 Embryonic and larval expression of both Pax6.2 transcripts in 

zebrafish 

 
The expression pattern of both Pax6.2c and Pax6.2(2a) splice variants was first examined 

during zebrafish development by real time quantitative PCR. In order to amplify specifically 

Pax6.2(2a) and Pax6.2c, specific reverse primers were choosen either in the exon 2a or 

juxtaposing exon 2 and  3, respectively.  

ND 

+ 

+ 
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Figure 46. Variation of expression levels of Pax6.2(2a) and Pax6.2c during zebrafish 
development. Zebrafish Pax6.2(2a) and Pax6.2c transcripts abundance was measured by real 
time quantitative PCR in zebrafish embryos and larvae from 5 to 72 hours post-fertilization 
(hpf). Means +/- SEM of three independent experiments are represented. The values obtained 
are not comparable between both splice variants. 

 

 
Expression of both Pax6.2 transcripts started at the end of gastrulation (9 hpf; Figure 46); 

when the eye field and the lens placodes appeared, and was found at all the developmental 

stages examined until  end of day 3 (Figure 46). 

Then, the expression pattern of Pax6.2(2a) was examined by whole mount in situ 

hybridization. The 100 bp digoxygenin labeled riboprobe used, which targeted specifically 

exon 2a, did not allow detecting any specific staining. We next decided to perform a whole 

mount in situ hybridization on zebrafish embryos and larvae using a full-length Pax6.2 

digoxygenin labeled riboprobe targeting both variants. As previously shown, we found 

Pax6.2 expression in the optic vesicles and diencephalon including the pineal anlage at 12 

and 16 hpf (Figure  47A, B) (Nornes et al., 1998). When the optic cups are formed (24 hpf) and 

until 48 hpf, the expression of Pax6.2 is still located to the eyes and several nuclei of the 

forebrain (Figure 47C). At day 3 of development, Pax6.2 expression became restricted to the 

ganglion and inner nuclear layer of the retina (Figure 47D, E).  
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Figure 47. Localization of the general expression of Pax6.2 in zebrafish embryos and larvae 
by whole mount in situ hybridization with an anti-sense digoxygenin labeled riboprobe at 
different developmental stages. Pax6.2 expression is located in the optic vesicles and the 
diencephalon at 12 (A) and 16 (B) hpf. At later stages, Pax6.2 expression is located in the retina 
at 48 (C) and 72 (D-F) hpf. (F) 72 hpf larvae hybridized with a Pax6.2 sense riboprobe used as a 
negative control.   
 

 

 Taken together, these results suggest that both variants play a role in all 

developmental stages in zebrafish and they are expressed in the eye at least until end of 

organogenesis. 

 

13.4.4 In vitro and in vivo characterization of Pax6.2(2a) 
 

Because the Pax6.2(2a) transcript is characterized by the presence of a putative 

internal stop codon, we felt necessary to test the hypothesis that the translation of this 

transcript leads to a truncated protein without its N-terminal 18-19 amino acids. The in vitro 

translation of the Pax6.2(2a) transcript in rabbit reticulocyte lysates or in HeLa cells led to the 

synthesis of a smaller protein compared with the Pax6.2c variant without the exon 2a as 

indicated by a shift to the down on a denaturing polyacrylamide gel (Figure  48A, B).  

 

A 
B C

D 
E F 
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Figure 48. In vitro and in vivo translation of both Pax6.2 splice variants. (A) In vitro 
translation of Pax6.1, Pax6.2 and Pax6.2(2a) in rabbit reticulocyte lysates. Proteins were labeled 
with S35methionine and detected by autoradiography. The in vitro translation of the Pax6.2(2a) 
transcript leads to a protein shorter than PAX6.1c and PAX6.2c. (B) Western blot on protein 
extracts of Hela cells transfected with a Pax6.2c or Pax6.2(2a) cDNA and detection using a 
polyclonal antibody raised against the carboxyl terminal end of the PAX6 protein. The 
translation in human cells of the Pax6.2(2a) transcript leads to a shorter protein than PAX6.2c. 
(C-D) Schematic drawings of two messenger RNA constructs encoding PAX6.2c (C) and 
PAX6.2(2a) (D) fused to eGFP and used in (E, H). (E-I) Detection of eGFP with a polyclonal anti-
eGFP and a secondary antibody fused to alkaline phosphatase in 9 hpf zebrafish embryos 
injected at the one to four cells stages with different mRNA constructs as indicated above each 
photographs (see materials and methods). In (E) both putative start codons of Pax6.2c are 
intacts whereas in (F) and (G) the second and both, respectively, are mutated. In (H) and (I) the 
putative start codon of Pax6.2(2a) is intact and mutated, respectively. Alkaline phosphatase 
staining is detected in (E-F, H) and not in (G, I). 
 

 

In addition, we show that when two mRNA constructs containing the 5’ UTR and a 

part of the ORF of Pax6.2c (Figure 48C) or Pax6.2(2a) (Figure 48D) fused to the eGFPmutM N 

were injected in zebrafish embryo they are translated in vivo (Figure 48E, H). This was also 

the case when only the second putative start codon was mutated in the Pax6.2c trancript 

(Figure 48F). In contrast, when the two putative start codons were mutated in the Pax6.2c 
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trancript or the second putative start codon in the Pax6.2(2a) transcript, the translation did 

not occur (Figure 48G, I).  

Taken together, these results indicate that the exon 2a insertion in Pax6.2(2a) leads to the 

translation of a shorter protein comparing with Pax6.2c and that the functional start codon of 

Pax6.2(2a) is located just before the paired box. 

 

13.4.5 Pax6.2(2a) induces ectopic eyes in Drosophila 
 

Because sey or ey overexpression in imaginal discs of Drosophila leads to the formation 

of ectopic eyes (Halder et al., 1995), we decided to compare the in vivo ability of PAX6.2(2a) 

and PAX6.2c to induce eye structures. In using the UAS/Gal4 system developed by Brand 

and Perrimon (1993), we targeted expression of both PAX6.2(2a) or PAX6.2c in imaginal 

discs of antennae, legs and wings of flies leading to the induction of ectopic eyes in these 

organs (Figure 49A-E, data not shown). No significative difference was observed between the 

size and frequency of ectopic eyes induced with both PAX6 protein variants.  

 

                 
Figure 49. Induction of ectopic eyes in Drosophila melanogaster. (A) Schematic drawing of 
the UAS/GAL4 system used to induce ectopic eyes. (B-E) Ectopic eyes are induced on wings 
(white arrowhead in B, C, E) and legs (black arrowhead C, D) of Drosophila when Pax6.2c (B) and 
Pax6.2(2a) (C-E) are overexpressed in larval imaginal discs. 
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Dpp-Gal4/UAS-Pax6.2c Dpp-Gal4/UAS-Pax6.2(2a) 

Dpp-Gal4/UAS-Pax6.2(2a) Dpp-Gal4/UAS-Pax6.2(2a) 
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13.4.6 Specific abrogation of Pax6 variants’ functions 
 

To dissect the respective functions of the different Pax6.2 splice variants during 

embryogenesis, we used the morpholino antisense technology allowing to block translation 

of the targeted proteins (Nasevicius and Ekker, 2000). For this purpose, two morpholinos, 

namely Mo3 and MoV, were designed against the first and second start codon of Pax6.2, 

respectively (Figure 50A, F). In vivo analysis showed that mRNA of a Pax6.2c 5’UTR/eGFP 

construct co-injected in embryo with a Standard control Morpholino (MoC) or MoV were 

translated and visualized by eGFP fluoresence under UV (Figure 50C, E).  

 

               
Figure 50. Specific knock down of Pax6.2c and Pax6.2(2a) translation with morpholino 
oligos. (B-E) Lateral view of 12 hpf zebrafish embryos co-injected at the one to two cells stages 
with a Pax6.2c/eGFP mRNA construct as shown in (A) with either a morpholino control (MoC) (B, 
C), a morpholino targeting the first start codon (Mo3) (D) or the second start codon (MoV) (E). 
(G-J) Lateral view of 12 hpf embryos co-injected at the one to two cells stages with a 
Pax6.2(2a)/eGFP mRNA construct as shown in (F) with either a MoC (G, H), a MoV (I) or a Mo3 
(J). (B-E, G-J) Anterior is toward the top. The morpholinos used in (D, I) completely block the 
translation of eGFP when co-injected with the mRNA constructs of (A, F), respectively. In (B-C, 
E, G-H, J), the translation of eGFP is not blocked by injection of the respective morpholinos. Pb, 
paired box. 
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In contrast, when the mRNA were co-injected with Mo3, translation of eGFP was completely 

blocked (Figure 50D) indicating the specificity of the latter in inhibiting translation. Similarly, 

co-injection of embryos with a Pax6.2(2a) 5’UTR/eGFP mRNA construct with MoC or Mo3 

did not inhibit eGFP translation (Figure 50H, J) whereas co-injection with MoV completely 

blocked it (Figure 50I). 

These control experiments demonstrated that both morpholinos interfered 

specifically with their target mRNA and are therefore suitable for knock down experiments. 

 

13.4.7 Pax6.2c and Pax6.2(2a) splice variants have specific and similar 

functions during zebrafish development 

 
Injections of either Mo3 or MoV morpholino had no dramatic effect on zebrafish 

development until the formation of the optic cups (24 hpf). At 28 hpf, specific knock down of 

Pax6.2c with Mo3 induced a small eye phenotype (91%), a reduction of brain size (91%), an 

outgrowth at the level of the telencephalon (80%), a disruption of the ventral part of the eye 

(45%) and a small lens phenotype (85%), compared with the standard morpholino control 

(Figure 51A-F, K). The small eye and brain phenotype was maintained at least until day 3 pf 

(Figure 51C, F). Similar results were obtained when the Pax6.1cMo and Pax6.2cMo, two 

shifted morpholinos, were co-injected at the one to four cells stages in zebrafish embryos. 

Specific interference of Pax6.2(2a) with MoV caused a small eye phenotype (54%) with a 

reduction in brain size (64%), an outgrowth at the level of the telencephalon (61%) and no 

closure of the two hypothalamic lobes (58%), compared with the standard or  MoV25mut 

(morpholino similar of MoV2 but containing 5 mismatches) morpholino controls (Figure 

51A-C, G-K). In addition, a small percentage (14%) of the injected embryos displayed a slight 

coloboma of the ventral part of their eye (Figure 51H). The lens remained unaffected under 

the different conditions mentioned above (Figure 51H). The brain and small eye phenotypes 

observed in MoV injected embryos were maintained at least until day 3 pf (data not shown). 

Similar results were obtained when a MoV2, a shifted morpholino, was injected at the one to 

four cells stages in zebrafish embryos. 
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Figure 51. Pax6.2c and Pax6.2(2a) are required for eye and forebrain development. Dorsal 
(A, C, D, F, G), lateral (B, E, H) and ventral (I, J) views of 28 hpf embryos (A, B, D, E, G, H) and 
72 hpf larvae (C-F) injected with either a MoC (A-C, I), a Mo3 (D-F) or a MoV (G, H, J). (K) 
Effects of Mo3 and MoV on the development of the eye and forebrain in 28 hpf zebrafish 
embryos. The injection of MoV causes dramatic effects on forebrain development including 
hypothalamus whereas Mo3 causes dramatic effects on both forebrain and eye development. The  
black (D) and white (I-J) arrowheads shows patches of retinal pigmented epithelium and the 
hypothalamus, respectively. The white arrow in (E) shows the ventral optic cup. 
 

1: Pointed head 
2: Small head 
3: Small eyes 
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    hypothalamus 
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13.4.8 Autoregulation of Pax6.2 expression at the pallium/subpallium 

boundary but not in the optic cups 

 
We next asked whether the inhibition of the translation of either Pax6.2c or Pax6.2(2a) 

splice variants had an effect on the general expression of both Pax6 genes as reported in other 

species (Pinson et al., 2006; Aota et al., 2003). Hence, we analyzed the Pax6.1 and Pax6.2 gene 

expression pattern at the Prim-5 stage in morpholino injected zebrafish embryos (Figure 52).  

               
Figure 52. Effects of Mo3 and MoV in injected zebrafish embryos on Pax6.1 and Pax6.2 
expression. Dorsal (A-C, G-I) and lateral (D-F, J-L) views of 25 hpf embryos; anterior is toward 
the right. One to four cells stages zebrafish embryos were injected with either a MoC (A, D, G, 
J), a Mo3 (B, E, H, K) or a MoV (C, F, I, L) and raised at 28.5°C until being processed for whole 
mount in situ hybridization with a full-length Pax6.1 (A-F) or Pax6.2 (G-L) digoxygenin labeled 
riboprobe (see materials and methods). In MoC injected embryos, the expression of Pax6.1 is 
detected to the entire dorsal forebrain and the optic cups whereas Pax6.2 expression is located 
to the optic cups and several specific nuclei of the forebrain including the pallium/subpallium 
boundary. The injections of Mo3 or MoV have mainly no effects on Pax6.1 and Pax6.2 expression 
excepted in the pallium/subpallium boundary where the Pax6.2 expression is lost. The white 
arrowhead in (G-I, J-L) shows the pallium/subpallium boundary. 
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At this stage, Pax6.1 expression was located in the entire dorsal forebrain and optic 

cups (Figure 52A-F) whereas the Pax6.2 expression was located in the optic cups and some 

discrete forebrain nuclei, including the dorsal diencephalon and the pallium/subpallium 

boundary (Figure 52G-L). Neither Mo3 nor MoV affected the pattern of Pax6.1 expression 

(Figure 52A-F). This was also mainly the case when we examined Pax6.2 expression (Figure 

52G-L). However, Pax6.2 expression was completely lost in the pallium/subpallium 

boundary in either Mo3 or MoV injected embryos (Figure 52H, I, K, L). 

 

13.4.9 Ventralization of the optic cups in Pax6.2 morphants 
 
Twenty five hpf embryos injected with either Mo3 or MoV displayed a ventralization 

phenotype as revealed by the analysis of the Pax2b expression pattern (Figure 53A-F). In the 

optic cups of control embryos, Pax2b expression is located in the glial cells of the optic stalk 

extending from the ventral anterior forebrain to the ventral part of the eye (Figure 53A, D). In 

Mo3 or to a lesser degree in MoV injected embryos, the expression domain of Pax2b extends 

dorsally into the eye (Figure 53B-C, E-F). This is strongly the case for Mo3 where Pax2b 

expression was located to the two thirds of the optic cups (Figure 53E). In addition, when we 

inhibited the translation of the Pax6.2c message, an ectopic expression of Pax2b was observed 

in the telencephalon (Figure  53B). 

In contrast to Pax2b expression, we observed that Vax1 and Vax2 expression in the eye 

was slighly affected in both Mo3 or MoV injected embryos (Figure 53G-I; data not shown). 

 

13.4.10 The specific activity of both PAX6.2 splice variants is not required 

for pineal gland development 

 
Because PAX6 plays a crucial role in the development of the eye, we asked whether 

the zebrafish Pax6.2 splice variants are also involved in the formation of the pineal gland, a 

photoreceptive organ involved in the regulation of circadian rhythms in ectothermic 

vertebrates (Falcon, 2006). To test this hypothesis, we chose three pineal marker genes, 

namely Floating head (Flh), Orthodenticle 5 (Otx5) and Exo-Rhodopsin (ExR). Flh encodes a 

homeodomain prepattern transcription factor which is expressed early in the pineal gland 

anlage and is required to mediate epiphysial neurogenesis (Masai et al., 1997).  
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Figure 53. Effects of Mo3 and MoV in injected zebrafish embryos on the Pax2b and Vax2 
expression into the eye. Dorsal (A-C) and lateral (D-I) views of 25 hpf embryos; anterior is 
toward the right. One to four cells stages zebrafish embryos were injected with either a MoC 
(A, D, G), a Mo3 (B, E, H) or a MoV (C, F, I) and raised at 28.5°C until being processed for whole 
mount in situ hybridization with a Pax2b (A-F) or Vax2 (G-I) digoxygenin labeled riboprobe (see 
materials and methods). (A, D)  In MoC injected embryos, Pax2b expression is located in the 
optic stalks and ventral optic cups. (B, E) In Mo3 injected embryos, the Pax2b expression domain 
is expanded to the two thirds of the optic cups and ectopic expression of the gene is induced at 
the tip of the telencephalon (black arrowhead). (C, F) The injection of MoV induces a slight 
expansion of the Pax2b expression domain in the retina compared with control. Black and white 
arrows show Pax2b expression in the optic stalk and ventral retina, respectively. (G-I) No 
difference of Vax2 expression was observed between Mo3 and MoV injected embryos compared 
with control.  

 

 

The second one, encodes a photoreceptor specific transcription factor (Gamse et al., 

2002) involved in the differentiation and maintenance of the photoreceptors and the 

regulation of pineal circadian genes (Gamse et al., 2002; Appelbaum et al., 2005). The third 

one encodes a specific photopigment of the pineal photoreceptor which expression appears 

as early as 18 hpf (Vuilleumier et al., 2006).  

No difference in the pineal expression pattern of the three genes was found between 

MoC, Mo3 or MoV injected embryos (Figure 54A-I). This suggests that both Pax6.2c and 

Pax6.2(2a) variants are dispensable for the formation of this photoreceptive organ in 

zebrafish.  

 



 141

                  
Figure 54. Effects of Mo3 and MoV in injected zebrafish embryos on the development of 
the pineal gland. (A-I) Dorsal views of 25 (A-F) and 28 (G-I) hpf embryos; anterior is toward 
the right. One to four cells stages zebrafish embryos were injected with either a MoC (A, D, G), 
a Mo3 (B, E, H) or a MoV (C, F, I) and raised at 28.5°C until being processed for whole mount in 
situ hybridization with a Flh (A-C), Otx5 (D-F) or ExR (G-I) digoxygenin labeled riboprobe (see 
materials and methods). The three genes are expressed in the pineal gland where they act as a 
prepattern factor, a circadian regulator and a photopigment molecule, respectively. No 
difference was observed in the expression of the three molecular markers between Mo3 and 
MoV injected embryos compared with control. 
 

 

13.4.11 The specific activity of both Pax6.2 splice variants is required for 

normal forebrain development 

 
Molecular markers of the patterning of the forebrain include Vax1, Vax2, Six3b, Dlx2, 

Emx3 and Ngn1 (Manuel and Price, 2005). We examined the expression pattern of these 

different genes in morpholino injected embryos in order to determine which one could be 

responsible for the dramatic phenotypes described above (Figures 55, 56). Emx3 was the only 

gene, from the six examined at the Prim-5 stage, which expression remained unaffected in 

the forebrain after injection of either morpholino (Figure 55A-F). In contrast, the dorsal 

marker Ngn1 displayed a retraction of its expression domain in the diencephalon but not in 

the telencephalon in Pax6.2c and Pax6.2(2a) morphants (Figure 55G-L).  
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Figure 55. Effects of Mo3 and MoV in injected zebrafish embryos on the expression of 
dorsal molecular markers of the forebrain. Lateral (A-C, G-I) and dorsal (D-F, J-L) views of 
25 hpf embryos; anterior is toward the right. One to four cells stages zebrafish embryos were 
injected with either a MoC (A, D, G, J), a Mo3 (B, E, H, K) or a MoV (C, F, I, L) and raised at 
28.5°C until to be processed for whole mount in situ hybridization with an Emx3 (A-F) or Ngn1 
(G-L) digoxygenin labeled riboprobe (see materials and methods). In MoC injected embryos, the 
expression of both genes is located to the pallium with an additional domain of expression into 
the dorsal diencephalon for Ngn1. In Mo3 or MoV injected embryos, the pallial expression of 
Emx3 and Ngn1 was not changed as compared with control. In the diencephalon, Ngn1 expression 
was strongly decreased in Mo3 and MoV injected embryos. The black arrow in (G-I) shows the 
dorsal diencephalon. The white arrowhead in (A-L) shows the pallium. 

 

 
In the telencephalon of both Pax6.2 splice variants morphants, all the ventral markers 

examined showed an expansion of their expression domains. Thus, Vax1 -but not Vax2- 

expression expanded from the diencephalon to the telencephalon in both Pax6.2 splice 

variant morphants (Figure 56A-C, G-I). In addition, Vax2 and Six3b  telencephalic expression 

was increased and expanded compared to the control (Figure 56G-L, M-O). Interestingly 

enough, Dlx2 expression was slightly increased in the pallium of zebrafish embryos after 

Mo3 injection (Figure 56P-R). 
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Figure 56. Effects of Mo3 and MoV in injected zebrafish embryos on the expression of 
ventral molecular markers of the forebrain. Lateral (A-C, G-I, M-R) and ventral (D-F, J-L) 
views of 25 hpf embryos; anterior is toward the right. One to four cells stages zebrafish 
embryos were injected with either a MoC (A, D, G, J, M, P), a Mo3 (B, E, H, K, N, Q) or a MoV (C, 
F, I, L, O, R) and raised at 28.5°C until to be processed for whole mount in situ hybridization 
with a Vax1 (A-F), Vax2 (G-L), Six3b (M-O) or Dlx2 (P-R) digoxygenin labeled riboprobe (see 
materials and methods). In MoC injected embryos, the Vax1, Vax2 and Six3b expression domains 
are located to the ventral forebrain including the hypothalamus. Vax2 and Six3b are also 
expressed at the tip of the telencephalon. In Mo3 and MoV injected embryos, the Vax1 
expression domain expands from the ventral diencephalon to the telencephalon (white arrow). 
These embryos show also an increase of Vax2 and Six3b expression at the tip of their 
telencephalon compared with the controls (black arrowhead). Legend continues next page. 
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In MoC and MoV injected embryos, the telencephalic Dlx2 expression domain extends as a 
gradient from the subpallium to the pallium with higher expression levels in the subpallium. In 
Mo3 injected embryos, the Dlx2 expression in the pallium is slighly expanded. The dashed white 
line in (A-C, G-I, M-R) shows the diencephalon/telencephalon boundary. The white arrowhead in 
(P-R) shows the Dlx2 expression at the level of the pallium/subpallium boundary. The black arrow 
in (D-F, J-L) shows the anterior hypothalamus.                     
 

 

13.5 Discussion 

 

The results reported in this study bring entirely new insights on zebrafish eye and 

forebrain development. Indeed, we describe a novel splice variant of Pax6.2, and provide 

informations concerning the respective functions of the alternative Pax6.2c and Pax6.2(2a) 

splice variants in this ectothermic vertebrate. Alternative splicing of transcripts from a single 

gene is often observed; this mechanism generates protein variants with diverse functions 

(Maniatis and Tasic, 2002; Essner et al., 2000; Stamm et al., 2005). In the case of genes 

encoding transcription factors, the isoforms have often specific and sometimes opposite 

activities (Essner et al., 2000; Foulkes and Sassone-Corsi, 1992; Maniatis and Tasic, 2002). In 

metazoans, this mechanism is thought to increase protein diversity from a relatively small 

number of genes (Maniatis and Tasic, 2002). For instance, the human genome counts about 

35,000 genes (Lander et al., 2001) but the proteome is estimated to be more than  100,000 

different proteins, as a result, in most cases, of alternative splicing (Kalnina et al., 2005). 

Until now, several different Pax6 transcripts generated by alternative splicing have 

been found in different animal species (Glardon et al., 1998; Gorlov and Saunders, 2002; 

Carriere et al., 1993; Epstein et al., 1994b; Kim and Lauderdale, 2006; Anderson et al., 2002). 

However, the expression pattern and the in vivo functions of these isoforms have not been 

extensively studied. Here, we found a new Pax6.2 splice variant in zebrafish embryos and 

larvae, which is characterized by the insertion of a 71 bp exon located just downstream of the 

first start codon. We provide in vitro and in vivo evidences that the insertion of this exon, 

which introduces an internal stop codon in the coding sequence, leads to the translation of a 

N-terminal 19-20 amino acids truncated PAX6.2 protein. Although the PAX6.2(2a) amino 

acid sequence is shorter than the canonical PAX6.2, the deduced primary structure of the 

paired domain, paired-like homeodomain and transactivation domain are not affected. This 

was supported by the results of the overexpression of both Pax6.2 transcripts in larval 

imaginal discs of fly, because they induced formation of ectopic eyes in a similar manner. 
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This suggests that the DNA binding activities of the paired domain were not affected by the 

presence of exon 2a into the canonical Pax6.2 transcript. This is in contrast with the situation 

observed when the  PAX6 of human containing the exon 5a into the paired domain was 

overexpressed in fly; in this case, the ectopic eyes were smaller compared with the 

mammalian canonical PAX6 (Dominguez et al., 2004).  

Expression of the Pax6.2c and Pax6.2(2a) variants was found at all stages examined 

from 9 hpf, when the eye field and optic placodes appear, until later stages when the eye is 

completely differentiated, at 3 dpf. Notably, the general expression of Pax6.2(2a and c) 

revealed here by in situ hybridization at 72 hpf, and the fact that we found exon 2a in an 

adult zebrafish EST databank, indicate that both variants are specifically expressed in the 

mature eye. Future investigations will aim at determining where are expressed the two 

variants and what are their respective functions in the mature retina. 

In vertebrates, the establishment of the dorso-ventral (DV) axis of the eye starts when 

the optic primordium is forming. At this stage, Pax6 expression defines the region of the 

optic primordium that will become the neural retina whereas the Pax2 expression defines the 

region that will form the optic stalk (Chow and Lang, 2001). In rodents and chicken, it has 

been shown that both genes control the expression domains of the other by reciprocal 

transcriptional repression, thus contributing to establish the boundary between the optic 

stalk and the neuroretina (Schwarz et al., 2000; Canto-Soler and Adler, 2006). This also holds 

true in ectothermic vertebrates as shown by the experiments using morpholinos directed 

against either Pax6.2 transcript. Therefore, the specific knock down of either Pax6.2c or 

Pax6.2(2a) led to a ventralization of the optic cups as revealed by the expansion of the Pax2b 

expression domain from the optic stalk to the medial part of the eye. In both cases, the 

expansion of the Pax2b expression domain observed here strinkingly resembles that observed 

after Six3 overexpression in zebrafish embryos (Kobayashi et al., 1998). These results indicate 

that the transcriptional repression between Pax6 and Pax2 during DV patterning of the eye is 

a conserved feature among vertebrates. Interestingly, the eye phenotype induced by the 

injection of the morpholino targeting the Pax6.2c transcript was much more severe than with 

the morpholino targeting the Pax6.2(2a) transcript. This suggests that the canonical variant is 

the principal Pax6.2 isoform necessary for the normal DV patterning of the optic cup in 

zebrafish.  

Our results agree with previous studies in mice, rat and chicken showing that Pax6 

was directly involved in the formation of the lens and retinal pigmented epithelium (Ashery-

Padan et al., 2000; Lang, 2004; Kamachi et al., 2001; Baumer et al., 2003). Indeed, most of the 
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other zebrafish eye defects (small eyes, small lens, dark patches of retinal pigmented 

epithelium into the dorsal optic cup) were also observed after blocking translation of the 

Pax6.2c transcript. 

We found that both Pax6.2 transcripts are dispensable for the formation of the optic 

vesicles at earlier stages of zebrafish eye development as previously shown in endotherms 

(Grindley et al., 1995). In addition, in both zebrafish Pax6.2 and Pax6.2(2a) morphants, the 

optic vesicles formed optic cups. This is in contrast with the situation found in Pax6-/Pax6- 

mice embryos (Grindley et al., 1995), where the homozygous mutant displayed misshapen 

evaginations of the optic vesicles from the diencephalon, and eye morphogenesis was 

arrested (Grindley et al., 1995). These differences might result from the different 

experimental approaches used. 

In ectothermic vertebrates, the pineal gland which is a direct light sensor and a major 

component of the circadian system, expresses the Pax6 gene (Falcon, 2006; Wullimann and 

Rink, 2001). Studies in human and mice indicated that PAX6 proteins are required for the 

formation of the epiphysis (Mitchell et al., 2003; Estivill-Torrus et al., 2001). For these reasons, 

it has been suspected that Pax6 might play a critical role in zebrafish pineal gland 

development. Here, we found that three marker genes of pineal photoreceptor cells function 

were still expressed after injection of morpholinos targeting either the Pax6.2c or the 

Pax6.2(2a) splice variant. This suggests either that both Pax6.2 variants (or a product of an 

other gene) act redundantly in pineal gland development or that (an) other(s) alternative 

Pax6 splice variant(s), not targeted by our morpholinos, is involved in this process.  

In zebrafish, the Pax6.2 gene is expressed in restricted domains of the forebrain as 

early as 12 hpf, but also into the mature brain (Wullimann and Rink, 2001; Wullimann and 

Rink, 2002). We investigated the respective functions of both alternative Pax6.2 splice 

variants on the regional specification of the zebrafish forebrain. For this purpose, we 

compared the morphology and the patterning of several molecular markers of the 

telencephalon and diencephalon in control, Mo3 and MoV injected embryos. Inactivation of 

Pax6.2c or Pax6.2(2a) variants induced dramatic effects; Mo3 and MoV injected zebrafish 

displayed a smaller forebrain and a pointed telencephalon compared to controls. In good 

correlation, we observed that the expression domains of Vax1 and Dlx2, two ventral 

subpallial markers, were expanded in the dorsal telencephalon, in good agreement with 

previous results obtained in Pax6-/Pax6- mutant mice (Stoykova et al., 2000; Manuel and 

Price, 2005). In contrast to the situation in Pax6-/- homozygous mice, the expression of two 

dorsal telencephalic markers, Emx3 and Ngn1, was not affected in zebrafish. However, our 
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results suggest that there is a high conservation of the molecular events modulating the DV 

patterning of the vertebrate telencephalon. In addition, in both PAX6.2 morphants, the 

expression of Six3b and Vax2 at the tip of the telencephalon was much stronger than in 

controls. Because the correct dosage of SIX3 is required for correct forebrain development 

(Carl et al., 2002; Del Bene et al., 2004; Gestri et al., 2005), it is plausible to speculate that this 

localized overexpression explained in part the pointed telencephalon observed at 28 hpf in 

both Pax6.2 morphants. 

In mice embryos, Pax6 expression is also located transiently in the hypothalamus 

from E14.5 to P2 developmental stages, where it plays a crucial role (Vitalis et al., 2000; 

Stoykova et al., 1996; Stoykova et al., 1997). Indeed, in the Pax6-/Pax6- mutant mice embryo, 

the ventricular part of the hypothalamus is disjointed and abnormally shaped (Vitalis et al., 

2000; Stoykova et al., 1996). Accordingly, it has been shown that in mice lacking PAX6, there 

is a loss of R-cadherin expression, a gene encoding a cell connective protein, in areas in 

which this gene is normally coexpressed with PAX6 (Stoykova et al., 1997). The phenotype 

observed in that case suggested that the adhesive properties between the cells of the two 

hypothalamic lobes were altered. Interestingly, we found here a similar phenotype but 

mainly after injection of the morpholino targeting Pax6.2(2a) transcript; the effects of the 

morpholino targeting Pax6.2(c) affected the development of the hypothalamus to a much 

lesser degree. These results would indicate that of both Pax6.2 variants described in this 

study, Pax6(2a) is the main one involved in the closure of the hypothalamus. 

 

13.6 Conclusion 
 

The present study reports, for the first time in an ectothermic vertebrate, the analysis 

of Pax6 functions during optic cup and forebrain morphogenesis. Furthermore, we 

characterized a new zebrafish splice variant of Pax6.2; we dissected its functions and 

compared them with the functions of the canonical isoform. We found that both, the Pax6.2c 

and Pax6.2(2a) transcripts, are critical for forebrain patterning, whereas the correct formation 

of the optic cups is principally triggered by Pax6.2c. In addition, we found that the Pax6.2(2a) 

transcript is critical for proper closure of the two hypothalamic lobes. This work opens the 

door to several other studies, which will aim at investigating the proliferation and 

differentiation of the different neuronal cell types, and understanding how the general gene 

networks triggering these processes were established during vertebrates’ evolution.  

 



 148

Chapter 4 
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14. Conclusions and Perspectives 
 

14.1 Pineal gland and retina : two different photoreceptive organs 

 
 
  

           ntil recently, the anatomical and functional comparison between the pineal 

gland and retina of ectothermic vertebrates was essentially carried on adults; only very few 

data concerned the embryonic development. Here we demonstrate, using electronic 

microscopy and expression of several molecular markers, that the pineal gland differentiates 

before the retina during early development in two phylogenetically distant Teleost species. 

For instance, in zebrafish, the expression of a gene encoding a specific photoreceptive 

molecule of the epiphysis is activated in this organ before the optic cups start to form. An 

other relevant example is the presence of Hiomt mRNA in the turbot pineal gland one day 

before the same gene is expressed in the retina. Finally, whereas the zebrafish retina 

displays photoreceptor characters only after the second day post-fertilization, the pineal 

gland anlage shows some of them already, one day before. Taken together, the results of this 

work suggest that the pineal gland rather than the retina mediates photic responses during 

embryonic development in Teleost fish. Although this feature seems to be conserved during 

evolution of this vertebrate group, the molecular mechanisms controlling the early different 

pineal functions are not the same between the zebrafish and the turbot embryos. Indeed, the 

expression of Aanat2 displays a robust circadian rhythm in the zebrafish pineal gland as 

early as the second day of development before hatching, whereas the expression of this gene 

does not show any rhythm in the epiphysis at least one day after this process in turbot. This 

suggests that during evolution of the Teleost lineage, the mechanisms controlling the 

establishment of the melatonin molecular biosynthesis pathway during early development 

have diverged at least once.  

This work opens the door to several other studies concerning the establishment of 

the pineal functions during embryonic development that will allow determining which 

molecular system has been privileged during Teleost evolution. 

An other crucial difference we found between the pineal gland and retina is that 

during development both photoreceptive organs are not triggered by the same molecular 

actors. Indeed, in inhibiting independently the translation of two alternative Pax6 splice 

variants, we observed in both cases that the development of the eyes was affected whereas 

h 
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that of the pineal gland was not. This contrast with the situation observed in human and 

rodents where the pineal gland was absent when PAX6 functions were lost, thereby 

indicating that this factor is essential for the development of both, the pineal organ and the 

eyes (Mitchell et al., 2003; Estivill-Torrus et al., 2001). PAX6 proteins have previously been 

detected in the zebrafish pineal gland (Wullimann and Rink, 2001), which would suggest 

that its involvement in pineal gland development is a conserved feature in vertebrates. Three 

reasons may account for the lack of effect observed here: (1) insufficient amounts of the 

morpholinos injected; unfortunately, this hypothesis is difficult to test because increasing the 

morpholinos’ concentration would result in several secondary effects such as apoptosis. (2) 

Both alternative PAX6 splice variants (or the product of an other gene) act redundantly 

during pineal development, and the effects of knocking down one variant are compensated 

by the other; this hypothesis will be tested in the future by co-injecting both morpholinos. (3) 

Another alternative Pax6 splice variant, not targeted by our morpholinos, might be 

specifically responsible for pineal gland development; a good candidate could be a 

previously described splice variant encoding a PAX6 protein lacking the paired domain and 

a part of the acidic linker region (Carriere et al., 1993; Kim and Lauderdale, 2006). This 

transcript which can be generated from an alternative internal promotor (Kleinjan et al., 

2004; Kammandel et al., 1999 or by alternative splicing (Gorlov and Saunders, 2002; Mishra 

et al., 2002) contains only the homeodomain and the carboxyl terminal end of the protein. In 

Teleost fish, this variant has not been described so far, but the presence of a highly conserved 

start codon located just upstream of the PAX6 homeodomain in all Teleost species 

investigated so far, suggests that it may exist. In addition, by using two antibodies targeting 

the N- and C-terminal end of the PAX6 protein, we could detect by western blot in extracts of 

three days old zebrafish larvae the presence of a smaller PAX6 protein (data not shown). This 

shorter PAX6 protein could be a splice variant without the paired domain. In the future, 

further efforts will aim at cloning this putative splice variant and examining its function in 

vivo.  

In summary, we have shown that although the photoreceptive organs in vertebrates 

may have a monophyletic origin, the molecular pathways involved in their development are 

not completely identical contributing certainly to their anatomic and functional diversity. 

Moreover, we show in two different Teleost species that when these organs differentiate, 

their respective functions are established in a species specific manner; this underlines the 

plasticity of the genomes and molecular mechanisms during evolution.  
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14.2 The turbot as a new complementary model for studying eye 

development and evolution 

 

Since the discovery that PAX6 is needed for eye development and that 

overexpression of this factor leads to the induction of ectopic eyes in Xenopus and Drosophila, 

the different aspects of early eye development have been well studied so far (Gehring and 

Ikeo, 1999; Tomarev, 1997; Ashery-Padan and Gruss, 2001). Hence, several conserved factors 

have been found to play a critical role during this process. However, because it is difficult to 

discern the late from the early molecular events during eye development in “classical” 

vertebrate model systems, the functions of these key players in the mechanisms leading to 

proliferation and differentiation of the different retinal cell types are less understood. 

Excepting some currently technical limitations to use the flatfish as a model, this group of 

Teleost offers a unique advantage to deal with a vertebrate displaying a such protracted 

development of the central nervous system (CNS) including the photoreceptive organs. For 

instance, we found that the photoreceptors layer of the turbot retina displays rhodopsin 

expression only after metamorphosis, i.e. at 60 days post-hatching, and that this expression is 

located only in the ventral part of the organ. In comparison, the zebrafish retina displays 

rhodopsin expression as soon as the third day post-fertilization in the ventronasal outer 

nuclear layer (Schmitt and Dowling, 1999). In addition, flatfish show several other specific 

changes occurring during metamorphosis relative to their change of visual field including a 

reorganization of the vestibulo-ocular pathways (Graf and Baker, 1983) and a change of 

expression in opsin types  (Mader and Cameron, 2004). 

In the future, the comparison between flatfish such as turbot and other Teleost species 

displaying a direct development such as the zebrafish, will allow understanding how the 

mechanisms patterning the retina have evolved among the different Teleost species. The 

experimental protocols we developed and the results we found during this work, establish 

the molecular and comprehensive basis needed for further studies on this new model 

system, in particular on the development and metamorphosis of the eye. Interestingly, we 

found a process of asymmetric growth during metamorphosis of turbot at the ciliary 

marginal zone (CMZ) which is strikingly similar to what was found in Xenopus, suggesting 

an evolutive convergence between these two visual systems. As a perspective, it will be 

interesting to determine whether this process is triggered by the same genetic cascade in 

both animals, i.e. by the retinal asymmetric expression of the D3 enzyme. Moreover, the 
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hypothesis of a regulation of the retinal D3 expression by the BMP signaling pathway will 

have to be tested in Xenopus by gain and loss-of-function experiments. 

 

14.3 Conserved functions of PAX6 in brain formation and 

patterning among vertebrates 

 

As previously mentioned, Pax6 is needed for eye development in vertebrates and 

invertebrates but this is also an essential factor for the correct development of the CNS in 

both classes of animals. In addition, the comparison of the Pax6 expression pattern between 

the developing brain of lamprey, shark, Teleost fish and mammals has suggested that the 

different functions of this transcription factor in brain morphogenesis and patterning are 

highly conserved during evolution. The last decade, two teams led by Peter Gruss and David 

Price have shown in mice that Pax6 plays a critical role in the dorso-ventral patterning of the 

telencephalon and the correct development of the hypothalamus (Stoykova et al., 2000; 

Vitalis et al., 2000). However, until the present work, few data were available concerning the 

functions of this gene in ectothermic vertebrates. Here we show by a gene knock down 

approach that PAX6 acts as a dorsalizing factor of the telencephalon in zebrafish, i.e. by 

repressing the expression of several subpallial marker genes including Vax1, Six3 and Dlx2; a 

similar situation as in rodents. This supports the hypothesis that Pax6 is part of an ancestral 

genetic network controlling early brain regionalization and which appears to be conserved 

among all vertebrates. Future studies will aim at examining the functions of Pax6 in fish 

species displaying ancestral phenotypical characters such as agnates and chondrichtyans in 

order to determine if the ancestral function of Pax6 in the dorso-ventral patterning of the 

telencephalon correlates with the apparition of this brain subdivision during vertebrates’ 

evolution. 

As for the dorso-ventral patterning of the telencephalon, the functions of Pax6 in 

hypothalamic development also seems a highly conserved feature of vertebrates’ evolution. 

Interestingly, this function is specifically played by an alternative Pax6 splice variant in 

zebrafish, complicating strongly the genetic model of brain morphogenesis. In addition to 

the study of other model systems, the next steps will aim at examining whether the different 

functions involved in brain morphogenesis and patterning are triggered by different 

alternative Pax6 splice variants also in  rodents.  
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In summary, futures studies in fish using the functional morpholinos designed 

during this PhD and relevant marker genes, will help elucidating the different functions of 

Pax6 and its splice variants in all aspects of brain morphogenesis and patterning during 

development. The results will bring insights concerning the evolution of brain among the 

vertebrate class. 

In conclusion, this work brings entirely new descriptive, comparative and functional 

insights on the development of the central nervous system, including the pineal gland and 

retina of Teleost fish. Furthermore, it opens the door to several more interesting studies 

concerning the proliferation and differentiation of the different neuronal cell types in 

vertebrates. The pineal gland and retina of turbot and zebrafish appear as relevant model 

systems to address these fundamental topics, which interest not only the evo-devo domain, 

but also the medical field. 
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15. Appendix 
 
 
 
 
 
 
 
 
 
 

 
Appendix 1. Schematic drawing of the metamorphic process in turbot at 19 °C. From 
Person-Le Ruyet, J. 1986. 
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Degenerated primer Sequence 5’ 3’ 

SmPax6 forward ASGTRTCSAAYGGSTGYGTGAG 

SmPax6 reverse ACRCTSGGKATRTTRTCGTTKGTGCA 

SmBmp2/4 forward GAYTTYTCNGAYGTNGGNTGG 

SmBmp2/4 reverse GTCATNTCYTGRTARTTYTT 

SmBmp2/4 nested forward AYCAYTGGATHGTNGCNCC 

SmAanat1/2 forward  GTTTGARATCGAGAGAGARGC 

SmAanat1/2 reverse CTARCAKCCRCTGTTBCGYCG 

SmAanat1/2 nested reverse TTCTGGTAGAAGGGVACCAG 

SmHiomt forward TACBKGTGCTGGSGCCACCTG 

SmHiomt reverse AGGTCRCAVATVAGTGKGAA 

SmHiomt nested forward GGCWGAYGCHGTSAGAGAAGG 

SmHiomt nested reverse GAACRSBGAMAGGTCAAAGGC 

SmD3 forward CCGYTGGTKSTCAATTTYGGCAGCTG 

SmD3 reverse TCSGGSCCMCGRCCBCCCTGGTACA 

SmD3 nested forward GCTGYACCTGACCMCCGTTCATGGC 

Appendix 2. Degenerated primers used to clone the S. maximus Pax6, Bmp2/4, Aanat1/2, 
Hiomt and D3 genes. 
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Specific primer Sequence 5’ 3’ 

Pax6.2c forward CCATTGGACAGTCATTGTTTATTTC 

Pax6.2c reverse GGGTTGGTTATGGTATTCTTTTTGA 

Pax6.2(2a) forward AAGAGGGACGCTGGGAAAA 

Pax6.2(2a) reverse CAGAGTTGACTGTCCGTTTA 

ZfAanat2 forward CGACGAAACAGCGGATGTTAG 

ZfAanat2 reverse GAACCTTTGAGCCTGTGATCG 

Ef1α forward TCCCAACCTCTTGGAATTTCTC 

Ef1α reverse TGAAAGAGGCACTATCAGTCAAT 

SmAanat2 forward ATTCCACGAGATGGAGTACACG 

SmAanat2 reverse TGGTGAGTAAGTCGGAGTGTAAGG 

SmHiomt forward GAGGGCAGGGAGAGGACAG 

SmHiomt reverse TCTTGATACATGAGTAGCCGAGGT 

SmEf1α forward CTCACATCGCCTGCAAGTTC 

SmEf1α reverse GACACACATGGGCTTTCCAG 

Appendix 3. Specific primers used for the real time PCR quantitative experiments. 
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Appendix 4. Amino acid sequence alignment of AANAT. SmAANAT2 (Sm2) amino acid 
sequence is aligned with AANAT2 of : zebrafish (Dr2) (AAF01140), rainbow trout (Om2) 
(AAD25333), pike (El2) (AAD21317) and sea bream (Sa2) (AAT02160) and with AANAT1 of : 
zebrafish (Dr1) (AAQ54582), pike (El1) (AAD21316), chicken (Gg) (NP_990489), mouse (Mm) 
(AAD09408) and human (Hs) (Q16613). Amino acids shaded in grey indicate that they are 
conserved in almost all AANAT proteins. Amino acids shaded in yellow indicates that they are 
specific of AANAT2 proteins. 
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Appendix 5.  Nucleotide and deduced amino acid sequence of the turbot Aanat1 cDNA.The 
nucleotide and amino acid positions are numbered and indicated on the right. The start and stop 
codons are indicated in bold letters. The acetyltransferase domain is shaded while the two 
putative acetyl coenzyme A binding motives and the two phosphorylation sites for PKA are 
indicated by simple and double underlining, respectively. The three highly conserved regions C/c-
1, D/c-1 and D/c-2 found in vertebrates are indicated by dashed underlining. The three highly 
conserved cystein residues important for disulfide bond formation are indicated by a star. The 
four histidine residues are indicated by a black arrowhead. The putative polyadenylation signal is 
underlined. 

 

 
 
 
 



 159

 

               
Appendix 6. Amino acid sequence alignment of HIOMT. SmHIOMT (Sm) amino acid sequence 
is aligned with HIOMT of : chicken (Gg) (NP_990674), bovin (Bt) (P10950), apes (Mmu) 
(AAL49966) and human (Hs) (CAI41503). Amino acids shaded in grey indicate that they are 
conserved in almost all HIOMT proteins. 
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Appendix 7. Nucleotide and deduced amino acid sequence of the turbot Otx5 cDNA. The 
nucleotide and amino acid positions are numbered and indicated on the right. The start and stop 
codons are indicated in bold letters. The homeodomain is shaded while the polybasic region and 
the two repeats of the Otx tail motif are indicated by double and simple underlining, 
respectively. The putative polyadenylation signal is underlined.  
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