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Introduction

The cytochrome P450 aromatase is the only enzyme permitting the conversion of C19 androgens, such as testosterone (T) or androstenedione, into C18 estrogens, estradiol (E2) and estrone, respectively. Estradiol was first acknowledged for playing a key role in reproductive functions, but the spectrum of estrogenic actions is constantly enlarging and now covers effects on the cardiovascular system, the mineralization of the bones, the adipose tissue, the immune system or the central nervous system. Estradiol signaling is also central for the issue of endocrine disruptors given the promiscuity of the estrogen receptors. Originally thought to be produced only by the gonads, estrogens are now acknowledged to bei synthesized in several other organs due to extragonadal expression of aromatase. One can thus appreciate that, given these multiple and crucial roles of estradiol (E2) in different organs, aromatase is integral to the development and functioning of many E2 target tissues, in particular of the brain.

Fifty years ago the first article appeared showing that steroids given prenatally have organizational effects on the brain, that will impact the subsequent behavioral response to sex steroids in adults [START_REF] Phoenix | Organizing action of prenatally administered testosterone propionate on the tissues mediating mating behavior in the female guinea pig[END_REF]. This seminal study had a profound influence on the scientific community and led to the so-called "aromatization hypothesis" according to which testosterone produced by the embryonic testis is aromatized within the brain to irreversibly masculinize some specific brain regions [START_REF] Maclusky | Sexual differentiation of the central nervous system[END_REF]. Since these early days, brain aromatization has received considerable attention and it is now believed that estrogen produced in the brain exert multiple actions on a large set of functions, many of which are not necessarily linked to reproduction. The reader is referred to many excellent reviews dealing with different biochemical, neuroanatomical and functional aspects of brain aromatase in vertebrates [3; 4; 5; 6; 7; 8; 9; 10; 11; 12; 13; 14; 15; 16]. Brain aromatization occurs in all classes of vertebrates including teleost fish [7; 17].

Teleost fish correspond to a very large group of actinopterygian fishes that encompasses around 30,000 species. Thus, teleosts are of high importance in terms of biodiversity, source of proteins and animal models. As documented below, teleost fish exhibit a number of very unique features that make them quite intriguing with respect to brain aromatization. This review intends to synthesize the rapidly accumulating information on the activity, expression, regulation and functions of brain aromatase in teleost fishes and will complement that already existing [7; 18].

1-Aromatase activity in the brain of fish is higher than in other vertebrates

-High aromatase activity in the brain of teleosts

In 1978, Gloria Callard published the first paper showing that the brain of teleost fish, exhibits high aromatase and 5α-reductase activities [START_REF] Callard | Phylogenetic distribution of aromatase and other androgen-converting enzymes in the central nervous system[END_REF]. A few years later, the same laboratory showed in adult goldfish (Carassius auratus) and toadfish (Opsanus tau) of both sexes, that brain homogenates incubated with [ 3 H]-androstenedione produced exceptionally large amounts of estrogens. This aromatase activity was particularly elevated in the pituitary and various forebrain regions, especially the hypothalamus and preoptic area [START_REF] Pasmanik | Aromatase and 5 alpha-reductase in the teleost brain, spinal cord, and pituitary gland[END_REF]. The authors concluded that "high levels of aromatase in the neuroendocrine tissues of teleosts recommend them as animal models for further studying the enzyme, its regulation, and its role in governing androgen-dependent responses in central targets" [START_REF] Pasmanik | Aromatase and 5 alpha-reductase in the teleost brain, spinal cord, and pituitary gland[END_REF]. This seminal discovery stimulated intensive research in fish, yet, until the last few years, most of this research remained focused on aromatase activity and its regulation over the sex cycle of different species. Studies in Atlantic salmon, stickleback, African catfish European sea bass and the peacock blenny all confirmed the elevated aromatase activity, especially in the forebrain (tel-and diencephalon) and the pituitary [21; 22; 23; 24; 25; 26; 27; 28; 29; 30; 31]. In sea bass (Dicentrarchus labrax), for example, aromatase activity was measured in different tissues using an optimized tritiated water assay [START_REF] Gonzalez | Aromatase activity in the European sea bass (Dicentrarchus labrax L.) brain. Distribution and changes in relation to age, sex, and the annual reproductive cycle[END_REF]. In adult fish entering the reproductive season, aromatase activity was highest in the brain (2.04±0.4 pmol/mg prot/h; mean±SEM), followed by the ovary (0.59±0.1) and was detectable in visceral fat (0.21±0.05), liver (0.08±0.009), and head kidney (0.03±0.004) [START_REF] Gonzalez | Aromatase activity in the European sea bass (Dicentrarchus labrax L.) brain. Distribution and changes in relation to age, sex, and the annual reproductive cycle[END_REF]. Aromatase activity was negligible in the rest of the tissues tested: heart, testis, muscle, and spleen.

1.2-Distribution of brain aromatase activity

Using microdissections or punches on brain sections, some studies very accurately documented the distribution of aromatase activity [22; 24]. In the three-spined stickleback, (Gasterosteus aculeatus), highest aromatase activity was found in the diencephalon, particularly in the periventricular hypothalamic region containing the nucleus preopticus, in the area containing the nucleus lateralis tuberis, and in the pituitary [START_REF] Borg | Aromatase activity in the brain of the threespined stickleback, Gasterosteus aculeatus. I. Distribution and effects of season and photoperiod[END_REF]. The most detailed study was performed in the African catfish (Clarias gariepinus), in which aromatase activity was calculated using the tritiated water assay on punches of frozen sections. The highest activity (3.7 pmol/mg tissue/hour) was detected in the preoptic area, while the ventral hypothalamus, including the nucleus lateralis tuberis and the nucleus recessus lateralis showed slightly lower activity (2.5 pmol/mg tissue/hour). This was similar to what was found in the most rostral part of the telencephalon, the optic tectum and torus semicircularis (2.3 pmol/mg tissue/hour). A moderate aromatase activity was observed in the remaining parts of the brain, except the cerebellum and hindbrain, in which aromatase activity was hardly detectable [START_REF] Timmers | Localization of aromatase in the brain of the male African catfish, Clarias gariepinus (Burchell), by microdissection and biochemical identification[END_REF]. Similarly, in the European sea bass, aromatase activity was found in the olfactory bulb, telencephalon, and hypothalamus (range: 2.6-16.2 pmol/mg prot/h), as well as the pituitary gland (6.2-9.3 pmol/mg prot/h), while lower activity was noted in the optic tectum, cerebellum, and medulla [START_REF] Gonzalez | Aromatase activity in the European sea bass (Dicentrarchus labrax L.) brain. Distribution and changes in relation to age, sex, and the annual reproductive cycle[END_REF].

1.3-Seasonal variations in aromatase activity

The first studies on brain aromatase activity in goldfish already pointed out naturally occurring variations during seasonal reproductive cycles, suggesting that sex steroids could modulate this activity. In the goldfish, seasonal variations in aromatase were found to be particularly notable in the anterior hypothalamus/preoptic area of female fish, exhibiting a peak in April and May, corresponding to the reproductive season in goldfish. The levels were six times higher than those found during the period of reproductive inactivity. Interestingly, the pituitary aromatase activity was not correlated with the sex cycle [START_REF] Pasmanik | Changes in brain aromatase and 5 alpha-reductase activities correlate significantly with seasonal reproductive cycles in goldfish (Carassius auratus)[END_REF]. Similar observations were made in several species, notably in the Atlantic salmon [25; 27], stickleback [21; 26] and European sea bass in which a strong correlation between sex steroids, notably testosterone, and aromatase activity was also observed [START_REF] Gonzalez | Characterization of aromatase activity in the sea bass: effects of temperature and different catalytic properties of brain and ovarian homogenates and microsomes[END_REF].

In Atlantic salmon, the highest aromatase activity was found in the telencephalon and diencephalon. In both regions, activity was higher in mature males than in immature males [START_REF] Andersson | Aromatase activity in brain and pituitary of immature and mature Atlantic salmon (Salmo salar L.) parr[END_REF]. Still in Atlantic salmon, castration caused a reduction in brain aromatase activity while testosterone treatment of castrated males increased it. In contrast, 11-ketoandrostenedione, a non-aromatizable androgen, did not have any effect [START_REF] Mayer | Effects of castration and androgen treatment on aromatase activity in the brain of mature male Atlantic salmon (Salmo salar L.) parr[END_REF]. Similar data were obtained in the stickleback in which aromatase activity in the area containing the preoptic region was dramatically higher in sham-operated males than in gonadectomized ones or in the initial controls. There was no effect of gonadectomy in the other studied regions, such as the mediobasal hypothalamus, the inferior lobes or the thalamus [21; 26].

In the European sea bass, brain aromatase activity dramatically changed during the reproductive cycle. Maximum average values were obtained at the time of the spawning season. The peak in brain aromatase activity was preceded by two and one months by the peak of plasma testosterone and the peak of the gonadosomatic index, respectively (Figure 1) [START_REF] Gonzalez | Aromatase activity in the European sea bass (Dicentrarchus labrax L.) brain. Distribution and changes in relation to age, sex, and the annual reproductive cycle[END_REF].

1.4-Male-female differences in aromatase activity in the brain of fish

There is little information regarding sex differences in aromatase activity in the fish brain. In the male medaka, high levels of activity are localized in sections containing the preoptic area (63-75 fmol/hr) and lower levels in the different nuclei of the ventromedial hypothalamus (< 25 fmol/hr), while the inverse situation was observed in females, 85-80 fmol/hr, in the hypothalamus and variable levels (23-70 fmol/hr) in the preoptic area [START_REF] Melo | Sexual dimorphism of brain aromatase activity in medaka: induction of a female phenotype by estradiol[END_REF]. In one-year-old juvenile European sea bass completing the process of gonadal sex differentiation, brain aromatase activity (0.63 pmol/mg prot/h) was lower than in first time spawners and similar in both sexes. In contrast, in mature animals aromatase activity was much higher in spawners (6.52 pmol/mg prot/h), and males showed an overall higher (24%) activity than females, depending on the brain regions [START_REF] Gonzalez | Aromatase activity in the European sea bass (Dicentrarchus labrax L.) brain. Distribution and changes in relation to age, sex, and the annual reproductive cycle[END_REF]. In the plainfin midshipman, differences in the aromatase activity in the hindbrain vocal control region were observed between males and females, and also between males with different reproductive tactics [START_REF] Schlinger | Aromatase activity in the hindbrain vocal control region of a teleost fish: divergence among males with alternative reproductive tactics[END_REF].

-Two aromatase genes in teleost fish

While estradiol is found in all vertebrates, its occurrence in invertebrates is not established and recent data claim that vertebrate steroids do not exist in lophotrochozoans, ecdysozoans, or cnidarians. It is thus believed that steroidogenic cytochrome P450 enzymes, including the aromatase gene, descend from those that detoxify xenobiotics [START_REF] Markov | Independent elaboration of steroid hormone signaling pathways in metazoans[END_REF]. In most gnathostomes, there is a single copy of the CYP19A1 gene. This gene has a complex structure with multiple 5'untranslated exons, each of which is associated with a different promoter driving the tissue-specific expression of the gene [35; 36]. Although the existence of a single gene was thought to be the rule in mammals, pigs, peccaries and other suiformes have two or more genes resulting from duplication of a common ancestor [37; 38]. In contrast to tetrapods, most teleost fish have two aromatase genes.

-Two cyp19a1 genes and two P450 aromatase proteins in fish

The teleost lineage is well known for exhibiting tremendous variations in genome organization due to a combination of different reasons. One of these reasons is the existence of a third round of whole genome duplication that would have occurred during the teleost emergence [START_REF] Steinke | Three rounds (1R/2R/3R) of genome duplications and the evolution of the glycolytic pathway in vertebrates[END_REF]. As a result of this so called "3R duplication", fish have many duplicated genes, the fates of which vary greatly according to the gene and from one order to the other. However, supporting a 3R duplication event, many teleost fish that have been studied in detail so far exhibit two aromatase genes, cypa19a1a and cyp19a1b. Aromatase in fish was first cloned from the trout ovary [START_REF] Tanaka | Cloning and sequence analysis of the cDNA encoding P-450 aromatase (P450arom) from a rainbow trout (Oncorhynchus mykiss) ovary; relationship between the amount of P450arom mRNA and the production of oestradiol-17 beta in the ovary[END_REF]. However, the existence of two genes in a teleost fish was first reported in goldfish after the discovery that a full-length aromatase complementary DNA (cDNA) isolated from a goldfish brain cDNA library was strongly expressed in the brain, but not in the ovary [START_REF] Tchoudakova | Identification of multiple CYP19 genes encoding different cytochrome P450 aromatase isozymes in brain and ovary[END_REF]. In addition, a 1.9-kb cDNA encoding a protein of 518 amino acids was isolated from the goldfish ovary. This latter sequence shared high sequence identity (68-72%) with ovarian aromatases of other fish species, but only 62% identity with the brain-derived goldfish form. According to Southern blotting and PCR-restriction analysis of genomic DNA, a single locus generates brain aromatase, whereas one or two different loci encode the ovarian form (cyp19a1a) [START_REF] Tchoudakova | Identification of multiple CYP19 genes encoding different cytochrome P450 aromatase isozymes in brain and ovary[END_REF]. Since this important finding, two genes encoding two aromatase forms were found in many teleosts, but not in all species.

The two genes encountered in teleosts are now officially named cyp19a1a and cyp19a1b, but have been given different names before the establishment of the current nomenclature: cyp19a1a (cyp19a, aromatase A, AroA, CYP19A, P450aromA) and cyp19a1b (cyp19b, aromatase B, AroB, CYP19B, P450aromB). They generate two structurally and functionally different isoforms that, in this review, will be referred to as aromatase A and aromatase B, mostly expressed in the ovary and brain, respectively. Two such genes were identified in an increasing number of species including the rainbow trout [40; 42], the zebrafish [43; 44], the Nile tilapia [START_REF] Kwon | Cloning of brain aromatase gene and expression of brain and ovarian aromatase genes during sexual differentiation in genetic male and female Nile tilapia Oreochromis niloticus[END_REF], the European sea bass [START_REF] Blazquez | Cloning, sequence analysis, tissue distribution, and sexspecific expression of the neural form of P450 aromatase in juvenile sea bass (Dicentrarchus labrax)[END_REF], the protogynous wrasse, Halichoeres tenuispinis [START_REF] Choi | Molecular cloning of cytochrome P450 aromatases in the protogynous wrasse, Halichoeres tenuispinis[END_REF], the killifish Fundulus heteroclitus [START_REF] Greytak | Isolation and characterization of two cytochrome P450 aromatase forms in killifish (Fundulus heteroclitus): differential expression in fish from polluted and unpolluted environments[END_REF], the orange-spotted grouper Epinephelus coioides [START_REF] Zhang | Two distinct cytochrome P450 aromatases in the orange-spotted grouper (Epinephelus coioides): cDNA cloning and differential mRNA expression[END_REF] and the ricefield eel Monopterus albus [START_REF] Zhang | Two cytochrome P450 aromatase genes in the hermaphrodite ricefield eel Monopterus albus: mRNA expression during ovarian development and sex change[END_REF]. However, importantly, so far only one gene has been retrieved from either the European or the Japanese eel. This unique gene is expressed in both the gonads and the brain and its expression submitted to alternative usage of different promoters [51; 52].

A phylogenetic analysis of cyp19a1 of fish (Figure 2) clearly shows that fish aromatases segregate in an "ovarian" cyp19a1a branch and a "brain" cyp19a1b branch. The eel sequence seems to be closer to the brain branch as already shown by previous studies [51; 52]. Eels belong to the order Elopomorphs, considered to be an early branching teleost order.

The retention of both genes after the duplication event, followed by what seems to be a partition of functions between cyp19a1a and cyp19a1b, indicates that a conservation pressure was exerted on both of them, stressing out their respective importance in both tissues.

In zebrafish, the cypa19a1a and cyp19a1b loci are located on distinct chromosomes,

LG18 and LG25. The cyp19a1a and cyp19a1b were mapped to the proximal portion of the lower arm of LG18 and the upper arm of LG25, respectively (Figure 3) [START_REF] Chiang | Characterization of duplicated zebrafish cyp19 genes[END_REF]. As detailed below, the zebrafish cyp19a1b promoter is probably the most documented [41; 43]. It is likely that following the 3R whole genome duplication, the two copies of the cyp19a1 gene underwent a progressive partition of function.

2.2-Characteristics of brain aromatase versus gonadal aromatase

Because most studies on aromatase activity were performed before the discovery of two aromatase forms in fish (see above), information comparing the properties of aromatase A versus aromatase B is scarce. In the goldfish, Chinese hamster ovary cells were stably transfected with brain-and ovary-derived cDNAs to compare the properties of the two aromatase forms. Although Km values were similar at around 2.5 nM (for androstenedione) and 1.1 nM (for testosterone), the Vm was higher in the brain than in the ovary [START_REF] Zhao | Different catalytic properties and inhibitor responses of the goldfish brain and ovary aromatase isozymes[END_REF]. In the sea bass, the tritiated water assay using β[ 3 H]-androstenedione was carefully validated to measure aromatase activity in crude homogenates and microsomes [START_REF] Gonzalez | Characterization of aromatase activity in the sea bass: effects of temperature and different catalytic properties of brain and ovarian homogenates and microsomes[END_REF]. Within the range of temperatures appropriate for sea bass, 10-30 °C, aromatase activity varies in a linear fashion.

The Km from brain and ovarian homogenates obtained from the same fish during the spawning season values were 7.3 nM vs. 4.6 nM respectively, but differences between the two tissues were not significant. According to this study, and similar to goldfish, sea bass aromatase has a higher affinity for androstenedione and this value is notably higher than what is reported for other fish or mammalian aromatases. The maximum reaction rate (Vmax 7.8 pmol/mg protein/hr) was four-fold higher (P < 0.001) in the brain than in the ovary Vmax (2.1 pmol/mg protein/hr). Consistent results were found using purified microsomes [START_REF] Gonzalez | Characterization of aromatase activity in the sea bass: effects of temperature and different catalytic properties of brain and ovarian homogenates and microsomes[END_REF].

3-Expression of aromatase B in the brain of adult fish is restricted to radial glial cells

3.1-Expression of cyp19a1b in the brain of fish

The first attempt to localize cyp19a1b-expressing cells was performed in goldfish, using an antibody against aromatase partially purified from human placenta. In this study, labeled cells having a neuronal appearance were found in regions associated with reproductive control such as the preoptic or the hypothalamic nuclei [START_REF] Gelinas | Immunolocalization of aromatase-and androgen receptorpositive neurons in the goldfish brain[END_REF]. However, only a low number of aromatase immunoreactive cells were labeled, which was not consistent with the high aromatase activity and transcript levels described in the brain of goldfish.

It was only in 2001 that Forlano and colleagues established, for the first time, a convincing cellular localization of aromatase expressing cells using in situ hybridization and immunohistochemistry of brain aromatase. This was done in the plainfin midshipman (Porichthys notatus), a Batrachoidiforme toadfish [7; 56]. The plainfin midshiman is an interesting model of fish exhibiting a complex spawning behaviour in which two male morphs compete for a female. One of these morphs, type I builds and guards nests while producing sounds ("humming") to acoustically court females. Large sonic muscles that are attached to the walls of the swim bladder produce such sounds and these muscles are controlled by a sonic motor nucleus located at the junction between the hindbrain and the spinal cord. In this fish, it was first shown that aromatase transcripts were consistently detected in the ventricular regions of the hindbrain, the midbrain, and forebrain [7; 56]. In the sonic motor nucleus, cyp19a1b mRNA levels expression levels were elevated but not greater than in the preoptic area or the telencephalon. In the midbrain, cyp19a1b transcripts were localized between the medial boundary of the torus and the valvula [START_REF] Forlano | Anatomical distribution and cellular basis for high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression identify glia as source[END_REF]. Along the third ventricle of the hypothalamus, cyp19a1b mRNAs were also detected at high levels, whereas there was no hybridization signal in the optic tectum and the torus semicircularis. Finally, in the telencephalon, the highest hybridization signal was detected along the periventricular layer of the preoptic area. In addition, transcripts were also reported in most ventricular layers, notably in the ventral nucleus of area ventralis, in the ventral and medial olfactory bulb, but also in the periphery of the telencephalic hemisphere [START_REF] Forlano | Anatomical distribution and cellular basis for high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression identify glia as source[END_REF]. These data were confirmed by immunohistochemistry using an antibody raised against a consensus sequence of teleost brain aromatases showing a protein localization that significantly overlapped with that of the messenger. Many aromatase B-immunoreactive cells were found in the hindbrain, the midbrain, the diencephalon and forebrain, always in the periventricular regions, notably along the third ventricle of the hypothalamus, the periventricular layer of the preoptic area, the ventral nucleus of area ventralis, the ventral and medial olfactory bulb and in the periphery of the telencephalic hemisphere [START_REF] Forlano | Anatomical distribution and cellular basis for high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression identify glia as source[END_REF]. Very interestingly, Forlano and colleagues showed that aromatase B was expressed in a peculiar cell type, the radial glial cells. Indeed, consistent with the unique morphology of radial glial cells [57; 58], aromatase B-positive cells exhibit small cell bodies localized along the ventricle and extend long cytoplasmic fibers/processes that reach the basal surface of the brain [7; 56]. Moreover, aromatase B distribution overlapped in some regions with that of GFAP (glial fibrillary acid protein), a radial glia marker in fish [START_REF] Onteniente | Comparative study of the glial fibrillary acidic protein in vertebrates by PAP immunohistochemistry[END_REF], best known for being expressed in astrocytes in mammals [START_REF] Forlano | Anatomical distribution and cellular basis for high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression identify glia as source[END_REF]. It was also shown that aromatase B-immunoreactive cells did not correspond to neurons identified on the basis of immunoreactivity to the nuclear neuronal protein Hu [START_REF] Forlano | Anatomical distribution and cellular basis for high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression identify glia as source[END_REF].

Such results were rapidly confirmed in several species, including the rainbow trout in which in situ hybridization showed that cyp19a1b transcripts were strongly expressed in the periventricular layers of the anterior brain, in the telencephalon, diencephalon and mesencephalon, in a way similar to that described in the plainfin midshipman, with stronger hybridization signal in the hypothalamus and preoptic area, but also in the pituitary gland [START_REF] Menuet | Distribution of aromatase mRNA and protein in the brain and pituitary of female rainbow trout: Comparison with estrogen receptor alpha[END_REF]. Figure 4 shows the extremely high expression of cyp19a1b mRNAs in the forebrain of an adult female rainbow trout. A weaker hybridization signal was also observed in the periventricular layer of the torus semicircularis, the optic tectum and around the fourth ventricle. Antibodies raised for aromatase B detection in the plainfin midshipman were successfully used in the rainbow trout [START_REF] Menuet | Distribution of aromatase mRNA and protein in the brain and pituitary of female rainbow trout: Comparison with estrogen receptor alpha[END_REF], in which abundant aromatase B-immunoreactive cells were detected in the different lobes of the pituitary and in cells bordering the ventricles in the telencephalon and ventral diencephalon, with a very high expression in the preoptic area and the hypothalamus. These aromatase B-immunoreactive cells exhibit a small ovoid nucleus localized along the ventricles, a short end foot directed toward the ventricle and a long radial process ending at the pial surface [START_REF] Menuet | Distribution of aromatase mRNA and protein in the brain and pituitary of female rainbow trout: Comparison with estrogen receptor alpha[END_REF]. Aromatase B-positive cells were observed in the torus semicircularis and also in the optic tectum where the cell bodies were localized in the ependymal wall and the long processes cross the parenchyma throughout all tectal layers. This latter data is in contrast with data concerning the plainfin midshipman in which no aromatase was observed in the tectum [START_REF] Forlano | Anatomical distribution and cellular basis for high levels of aromatase activity in the brain of teleost fish: aromatase enzyme and mRNA expression identify glia as source[END_REF].

In zebrafish, brain aromatase distribution has been extensively studied using in situ hybridization, immunohistochemistry and GFP (green fluorescent protein) expression driven by the cyp19a1b promoter, these data consistently show the expression of cyp19a1b in radial glial cells [18; 61; 62; 63; 64; 65]. The aromatase B mRNA expression pattern is very similar to that reported in the plainfin midshipman. Indeed, cyp19a1b transcripts were detected in the periventricular layers but also in the brain parenchyma of the caudal olfactory bulbs, the ventral telencephalon, the preoptic area, the hypothalamus, and in the anterior and posterior lobes of the pituitary [START_REF] Goto-Kazeto | Localization and expression of aromatase mRNA in adult zebrafish[END_REF]. Very surprisingly, in contrast with the rainbow trout, cyp19a1b mRNAs appeared to be exported in zebrafish within the radial processes and to accumulate in the end feet at the periphery of the brain [18; 65].

Figure 5 shows the comparative distribution of aromatase B-immunoreactive cells according to Menuet at al. (2005) [START_REF] Menuet | Expression and estrogen-dependent regulation of the zebrafish brain aromatase gene[END_REF], aromatase B messengers and cyp19a1b-GFP expressing cells [START_REF] Tong | A cyp19a1b-gfp (aromatase B) transgenic zebrafish line that expresses GFP in radial glial cells[END_REF]. Two antibodies were generated against zebrafish aromatase B, one against a 15 amino acid sequence and the other against a partial recombinant protein [18; 62].

Both antibodies yielded similar data overlapping perfectly with the distribution of the messengers. Similarly, as shown in Figure 5, there is a perfect overlapping of the localization of aromatase B-expressing cells and that of cells expressing GFP driven by 2.8 kb of the cyp19a1b promoter, further indicating that the transgenic tg(cyp19a1b-GFP) recapitulates very well cyp19a1b expression [START_REF] Tong | A cyp19a1b-gfp (aromatase B) transgenic zebrafish line that expresses GFP in radial glial cells[END_REF].

Data indicating expression of aromatase B in radial cells were also obtained in the pejerrey (Odontesthes bonariensis) [START_REF] Strobl-Mazzulla | Brain aromatase from pejerrey fish (Odontesthes bonariensis): cDNA cloning, tissue expression, and immunohistochemical localization[END_REF], confirming the expression of cyp19a1b mRNAs in the periventricular layers of the preoptic area, the hypothalamus, the optic tectum and the ependymal layer of the fourth ventricle. In the bluehead wrasse (Thalassoma bifasciatum) aromatase B-immunoreactivity appeared to be present in glial cell populations, and was found in the dorsal and ventral telencephalon, the preoptic area of the hypothalamus, and the lateral recess of the third ventricle, among other brain areas [START_REF] Marsh | Aromatase immunoreactivity in the bluehead wrasse brain, Thalassoma bifasciatum: immunolocalization and coregionalization with arginine vasotocin and tyrosine hydroxylase[END_REF]. Table 1 summarizes relative distribution and amount of aromatase B-immunoreactivity in different regions of the brain of teleost fish species studied to date.

3.2-Expression of aromatase B protein is mostly restricted to radial glia

The localization of aromatase B in radial glial cells of adult fish is quite intriguing, given that aromatase in bird and mammals is mainly found in neurons [12; 69]. In the male adult rodent, the aromatase messengers are well expressed in the encapsulated bed nucleus of the stria terminalis, the medial preoptic nucleus, the ventromedial nucleus, the medial amygdala and the cortical amygdala [START_REF] Wagner | Neuroanatomical distribution of aromatase MRNA in the rat brain: indications of regional regulation[END_REF]. However, many cells with lower expression also exist in the hippocampus and the dentate gyrus, as well as in distinct layers of the neocortex [START_REF] Wagner | Neuroanatomical distribution of aromatase MRNA in the rat brain: indications of regional regulation[END_REF]. Studies aiming at using immunohistochemistry in mammals have been hampered by the difficulty in obtaining antibodies working on mammalian tissues [START_REF] Balthazart | New insights into the regulation and function of brain estrogen synthase (aromatase)[END_REF]. In contrast, antibodies to human placental aromatase or quail aromatase proved very efficient in locating aromatase in the brain of birds, where the aromatase protein was found mainly in neurons including the axons and terminals [71; 72]. Additionally, aromatase distribution in the songbird brain was thoroughly delineated using an avian specific antibody [START_REF] Saldanha | Distribution and regulation of telencephalic aromatase expression in the zebra finch revealed with a specific antibody[END_REF]. Nevertheless, in a limited number of studies, aromatase was reported in astrocytes, notably in the cortex of human or monkey [74; 75]. In mammals, radial glial cells are believed to disappear at the end of embryogenesis, but aromatase was observed in radial glia in the developing mouse cortex [START_REF] Martinez-Cerdeno | Estradiol stimulates progenitor cell division in the ventricular and subventricular zones of the embryonic neocortex[END_REF]. In birds, radial glial cells persist in many parts of the adult brain. They normally do not express aromatase but, after a mechanical lesion in the zebra finch cortex, aromatase immunoreactivity appears in radial glial cells facing the lesion, while no staining is seen in other ipsilateral regions or in the contralateral side [START_REF] Peterson | Radial glia express aromatase in the injured zebra finch brain[END_REF].

In fish, there is strong evidence that aromatase B is expressed virtually only in radial glial cells. An exception is the presence of aromatase B positive neurons in the peripheral ganglion neurons that projects into the hair cells in the inner ear of the plainfin midshipman, the [START_REF] Forlano | Distribution of estrogen receptor alpha mRNA in the brain and inner ear of a vocal fish with comparisons to sites of aromatase expression[END_REF]. Double stainings with a neuronal marker such as Hu or acetylated tubulin demonstrated that aromatase immunoreactive cells do not express neuronal markers [56; 64]. Not only do aromatase expressing cells have the typical phenotype of glial cells [79; 80], but they also express radial glia markers such as GFAP ([56; 81], vimentin [START_REF] März | Heterogeneity in progenitor cell subtypes in the ventricular zone of the zebrafish adult telencephalon[END_REF], or brain lipid binding protein (BLBP) [66; 81]. Figure 6 shows the virtually perfect overlapping between the distributions of cyp19a1b and that of the radial glial marker BLBP.

Therefore, the available information that for the moment concerns only a few species, indicates that the brain of adult fish is unique in expressing aromatase B in radial glial cells and not in neurons, except in the ganglion cell population innervating the inner ear of the midshipman [7; 56]. The reasons for this intriguing cell specific expression are not fully understood, but some progress has been recently made with respect to the regulation of cyp19a1b expression, mostly in zebrafish.

-Regulation of cyp19a1b expression in the brain of fish

-Promoter structure of the cyp19a1b gene

The structure of the cyp19a1b genes has been examined in detail in some species including zebrafish, catfish, goldfish, medaka, tilapia and fugu. In the zebrafish for instance, a TATA box, a consensus ERE (-348bp) and a half ERE (-293bp) were found within the 500bp of the in the cyp19a1b proximal promoter. Additional potential binding sites notably include a consensus nerve growth factor inducible-B protein (NGFI-B)/Nur77 [43; 82], an arylhydrocarbon receptor (AhR) recognition site, c-AMP responsive elements, a chicken ovalbumin upstream promoter-transcription factor (COUP) and Ptx-1binding sites [START_REF] Tong | Analysis of zebrafish cyp19 promoters[END_REF].

Figure 7 shows an alignment of the promoters of six different fish species and clearly highlights the perfect conservation of the ERE throughout evolution, most likely indicating a very important mechanism of regulation [82; 83; 84; 85; 86; 87; 88]. In contrast, surrounding the conserved ERE, a number of potential binding sites that differ from species to species have been reported, but their functionality has not been established.

It is also interesting to observe the conservation of the genomic structure and particularly the consistent presence of an untranslated exon in cyp19a1b mRNA. This conservation of the intron/exon junctions most likely reflects the existence of important splicing events. Alternative splicings generating different 5'UTR have been identified in the Nile tilapia [START_REF] Chang | Two types of aromatase with different encoding genes, tissue distribution and developmental expression in Nile tilapia (Oreochromis niloticus)[END_REF] and in the rainbow trout [START_REF] Toffolo | Tissue-specific transcriptional initiation of the CYP19 genes in rainbow trout, with analysis of splicing patterns and promoter sequences[END_REF]. In the Nile tilapia, three different transcripts were identified, the longest including a short un-translated exon (43 bp long) that is 1227 bp from exon II.

-Transcriptional regulation of the zebrafish cyp19a1b promoter

Only a few studies have addressed the regulation of the cyp191b gene at the promoter level. This is most likely due to the strict cell-specificity of this promoter that remains inactive in most cell lines. In zebrafish, it was shown that the high specific expression of the cyp19a1b gene in radial glial cell as observed in vivo could be also obtained in vitro using glial or neuro-glial cell lines [START_REF] Menuet | Expression and estrogen-dependent regulation of the zebrafish brain aromatase gene[END_REF]. The characterization of the underlying mechanisms and the identification of the cis-regulatory elements involved in glial cell specific expression of the cyp19a1b gene were thus studied using classical transfection approaches based on the reporter gene.

-Regulation of cyp19a1b by steroid hormones

In line with the well-documented effects of steroids (estrogens and aromatizable androgens) on brain aromatase activity, the analysis of cyp19a1b genes from several teleost species underlined the presence of a well-conserved estrogen-responsive element (ERE) in the proximal promoter sequences (Figure 7). This ERE is located at -300/-350 bp of the transcription initiation start site. In addition, several putative cis-regulatory elements including potential androgen-responsive elements (ARE) are found within the 3000 bp proximal promoter. Transfection assays with different fragments of the zebrafish cyp19a1b promoter (up to 3000 bp) fused to luciferase revealed that, in the presence of the estrogen receptor, E2 failed to activate a cyp19a1b-luciferase reporter in most cell lines, indicating that E2-regulation of cyp19a1b depends on the cell context (Figure 8). Indeed, while no or very weak activity of the promoter following E2 treatment was observed in cell lines such as HeLa, CHO-K1, undifferentiated PC12 (PC12U), or NGF-differentiated PC12 (PC12D), a dramatic activity of the reporter was observed in cell lines providing a glial (251-MG cells: human astrocytes) or neuroglial context (P19 mouse embryonic carcinoma cells differentiated by retinoic acid) (Figure 8A). Deletions or mutations studies indicated that integrity of the ERE located at -348 bp is a prerequesite for estrogenic regulation. In comparison, a classical EREtk-luciferase construct containing a consensus ERE was stimulated equally by E2 in all cell lines (15 to 25 fold induction; Figure 8B). These data indicate that the cyp19a1b promoter is extremely sensitive to estradiol, but only in specific cell contexts.

Several previous studies indicated that the cyp19a1b gene is also up-regulated in vivo by certain androgens, notably testosterone. Despite the presence of putative androgen responsive elements (ARE), transfection experiments showed that neither androgen receptor nor the potential ARE are required for the stimulation of cyp19a1b by androgens (testosterone: T and 5alpha-dihydrotestosterone: DHT). In fact, it was recently shown that the androgenic regulation is mediated through ER binding on the ERE located at -348 bp. The effect of testosterone is indeed due to aromatization into E2, whilst the effect of DHT involves conversion into 5 alpha-androstan-3 beta, 17 beta-diol, a known metabolite of DHT which directly interacts and activates ERs [START_REF] Mouriec | Androgens upregulate cyp19a1b (aromatase B) gene expression in the brain of zebrafish (Danio rerio) through estrogen receptors[END_REF]. In mammals, it has long been established that DHT can be metabolized into either 5 alpha-androstan-3 alpha, 17 beta-diol or 5 alphaandrostan-3 beta, 17 beta-diol [START_REF] Handa | An alternate pathway for androgen regulation of brain function: activation of estrogen receptor beta by the metabolite of dihydrotestosterone, 5alpha-androstane-3beta,17beta-diol[END_REF]. In addition, 11-keto-testosterone, the major androgen identified in male fish with no possibility of conversion into estrogenic compounds, fails to up-regulate the cyp19a1b promoter in vivo and in vitro [START_REF] Mouriec | Androgens upregulate cyp19a1b (aromatase B) gene expression in the brain of zebrafish (Danio rerio) through estrogen receptors[END_REF]. This explains why, in vivo or in vitro, the up-regulation of cyp19a1b by T and DHT is blocked by the pure anti-estrogen ICI 182,780 [START_REF] Mouriec | Androgens upregulate cyp19a1b (aromatase B) gene expression in the brain of zebrafish (Danio rerio) through estrogen receptors[END_REF]. Whether the situation is similar in all fish remains to be investigated.

-Control of the cell-specific expression of cyp19a1b in radial glial cells

Given the above-mentioned regulation of cyp19a1b through ER, it is surprising that cyp19a1b expression is restricted to radial glial cells and that no aromatase B is detected in neurons strongly expressing ER in the brain parenchyma [START_REF] Anglade | Distribution of estrogen receptor-immunoreactive cells in the brain of the rainbow trout (Oncorhynchus mykiss)[END_REF]. In agreement with the abovementioned results, this indicates that ERs are not sufficient to drive cyp19a1b expression in the brain of fish in the presence of estrogens. In fact, it was shown that the zebrafish cyp19a1b promoter contains a complex regulatory element located between -277 and -257 bp from the initiation start site (Figure 9A). This short sequence of 20 bp, referred to as GxRE, seems to play an important role in the cell specific and E2-regulation of the gene [START_REF] Page | Characterization of a cis-acting element involved in cell-specific expression of the zebrafish brain aromatase gene[END_REF]. Indeed, deletions or mutations in this GxRE sequence caused strong reduction (80%) of the E2dependent induction, indicating that the ERE is necessary, but not sufficient for full estrogenic activation of the cyp19b in the glial context. This also suggests that the GxRE may recruit specific transcription factor(s) that could act in synergy with the ERs. Several studies reported cross-talk between ER and other nuclear receptors or transcription factors [93; 94; 95; 96; 97]. A common characteristic of all these cross talks between ER and other transcription factors is that a direct physical interaction is often required implying that the ER structure, and then the ER subtype, is determinant. The results so far indicate that the GxRE acts in synergy with ER to enhance E2-stimulation independently of the specific ER subtype or ER phosphorylation site. Importantly, the GxRE motif can act as an autonomous cis element, increasing E2-stimulation exclusively in the glial cell context [START_REF] Page | Characterization of a cis-acting element involved in cell-specific expression of the zebrafish brain aromatase gene[END_REF]. In contrast, addition of the GxRE did not cause E2-enhancement of an ERE-reporter gene in non-glial cell lines. Thus, if the GxRE region recruits transcription factor(s) able to cooperate with ER during E2-dependent induction, it is likely that these factors are specific to glial cells. To test this hypothesis gel mobility shift assays were performed using the GxRE as probe and whole cell extracts from different cell lines [START_REF] Page | Characterization of a cis-acting element involved in cell-specific expression of the zebrafish brain aromatase gene[END_REF]. Figure 9B shows that the GxRE is capable of recruiting transcription factor(s) specifically expressed in glial or neuroglial cells, but not in other cell contexts. These data confirmed the hypothesis according to which these DNAbounds transcription factor(s) can synergistically cooperate with ER to regulate the cyp19a1b gene. Moreover, the GxRE motif contains the core sequence AGGTCA that is acknowledged to recruit different types of nuclear receptors.

It is known that the liver receptor homologue 1 (LRH-1), an orphan nuclear receptor, modulates the CYP19a1 gene expression in testis via a DNA sequence containing the AGGTCA motif [START_REF] Pezzi | Differential expression of steroidogenic factor-1/adrenal 4 binding protein and liver receptor homolog-1 (LRH-1)/fetoprotein transcription factor in the rat testis: LRH-1 as a potential regulator of testicular aromatase expression[END_REF]. Additionally, LRH-1 is strongly expressed throughout the mouse brain suggesting important roles for this factor in brain functions. Interestingly, in the medaka (Oryzias latipes), lrh-1 acts as an activator of the cyp19a1b gene [START_REF] Ohmuro-Matsuyama | Liver receptor homologue-1 (LRH-1) activates the promoter of brain aromatase (cyp19a2) in a teleost fish, the medaka, Oryzias latipes[END_REF]. Moreover lrh-1 mRNAs are co-localized with cyp19a1b mRNAs in the brain of medaka, highlighting that LRH-1 could be a good candidate to cooperate with ER on the zebrafish cyp19a1b promoter.

As some other members of the nuclear receptor family, LRH-1 probably plays an important role, as a transcription factor, in steroid hormone production [START_REF] Fayard | LRH-1: an orphan nuclear receptor involved in development, metabolism and steroidogenesis[END_REF]. A recent study in humans showed that LRH-1 induces the expression of steroidogenic enzymes, including CYP17, in mesenchymal stem cells and accompanies their differentiation into steroid hormoneproducing cells [START_REF] Yazawa | Liver receptor homolog-1 regulates the transcription of steroidogenic enzymes and induces the differentiation of mesenchymal stem cells into steroidogenic cells[END_REF].

Data on cyp19a1b regulation in zebrafish are quite interesting since the possibility exists that part of the mechanisms driving expression of aromatase in radial glial cells of fish may also be relevant to explain de novo aromatase expression in radial cells or astrocytes following lesions in other models. Although the GxRE sequence seems very important in zebrafish, this sequence does not appear to be totally conserved in all fish species. The current working hypothesis is that the glial-specific expression of the cyp19a1b gene results from a combination of different transcription factors acting on several cis-regulatory elements including the GxRE in zebrafish, but the combinatorial expression pattern could have been modified across evolution. In the near future, attention should be focused on identifying the combination of factors that regulate cyp19a1b expression in the zebrafish brain and on developing chromatin immunoprecipitation assays to clarify whether these factors interact directly with their binding sites in the cyp19a1b promoter of zebrafish.

-Effects of endocrine disruptors on cyp19a1b expression

The presence of a functional ERE and prediction of a dioxin responsive element (DRE, also called aryl hydrocarbon responsive element, AhRE) in the cyp19a1b proximal promoter of zebrafish led to the assumption that some endocrine disrupting chemicals (EDCs), such as estrogen-and dioxin-like, might interfere with the expression of the cyp19b gene [102; 103]. Consequently, the cyp19b gene in zebrafish may constitute a good model to study the molecular mechanisms of action and possible cross talk of estrogen-and dioxin-like EDCs.

In agreement with studies showing that xeno-estrogenic endocrine disruptors affect cyp19a1b expression, studies in zebrafish have demonstrated that ethynilestradiol (EE2), estrone (E1), genistein and zeralenol, individually or in combination are able to modulate cyp19a1b gene transcription at its promoter level. Transfection studies of the cyp19a1bluciferase reporter in the presence of ER in U-251 cells clearly indicated that modulation of cyp19a1b gene transcription by these chemicals requires direct interaction between ER and the functional ERE within the cyp19a1b promoter. Given its sensitivity to estrogens, the cyp19a1b gene is thus an outstanding biomarker for xeno-estrogens exposure in vivo and in vitro [START_REF] Page | Assessment of xenoestrogens using three distinct estrogen receptors and the zebrafish brain aromatase gene in a highly responsive glial cell system[END_REF].

In addition, in vivo studies showed that dioxin-like compounds decrease estrogenstimulation of cyp19a1b gene expression in zebrafish and subsequently negatively impacting fish development and reproduction [105; 106]. Dioxin significantly reduces the E2upregulation of cyp19a1b gene transcription, but dioxin effects are totally independent of the predicted DRE, located at -450bp from the initiation start site, in the proximal promoter of the cyp19a1b gene [103; 107]. Importantly, dioxin effects could be fully abolished by using antagonistic molecules for the aryl hydrocarbon receptor (AhR) and ER, indicating involvement of both AhR and ER in these processes. These dioxin actions observed in the zebrafish cyp19a1b promoter [START_REF] Cheshenko | Expression of zebra fish aromatase cyp19a and cyp19b genes in response to the ligands of estrogen receptor and aryl hydrocarbon receptor[END_REF] are in line with previous studies on human AhR [START_REF] Ohtake | Modulation of oestrogen receptor signalling by association with the activated dioxin receptor[END_REF]. In fact, the AhR agonists were reported to activate a reporter gene containing an ERE, without binding directly to ERs or affecting ER expression levels. However, when this promoter is activated by E2, dioxin has an antagonistic effect. The presence of both receptors, AhR and ER are necessary for dioxin actions that imply physical interactions between AhR and ER as demonstrated by co-immunoprecipitation. These studies suggest an original mechanism of activation of the ER in the absence of estradiol since ligand-activated AhR is able to cooperate with the ER to activate the transcription of the cyp19a1b promoter. However in the presence of E2, the AhR ligands, including dioxin behave as partial antagonist on cyp19a1b transcription. Altogether, these studies highlight the importance of estrogen concentrations that might determine the estrogenic or anti-estrogenic effects elicited by AhR ligands [START_REF] Cheshenko | Expression of zebra fish aromatase cyp19a and cyp19b genes in response to the ligands of estrogen receptor and aryl hydrocarbon receptor[END_REF].

-Early expression of cyp19a1b during development

Given the sensitivity of the cyp19a1b gene to estrogen-or dioxin-like compounds, it is important to understand the mechanisms regulating aromatase expression during early developmental stages. Studies by Callard and colleagues (2001) indicated that in zebrafish, cyp19a1a and cyp19a1b transcripts are already detected in unfertilized eggs. Then, from 1.5 hours post fertilization (hpf), cyp19a1b transcripts decrease until 12 hpf (gastrula period), due to the transfer and degradation of maternal mRNAs [START_REF] Callard | Differential tissue distribution, developmental programming, estrogen regulation and promoter characteristics of cyp19 genes in teleost fish[END_REF]. At 3 hpf, zygotic transcription starts in zebrafish [START_REF] Pelegri | A gynogenesis-based screen for maternal-effect genes in the zebrafish, Danio rerio[END_REF], and aromatase transcripts slowly increase during the segmentation period (from 12 hpf to 24 hpf). Then, cyp19a1b mRNAs strongly increase between 24 to 48 hpf and accumulate until 120 hpf, [61; 84]. Around 20 days post fertilization (dpf), when the gonad is still undifferentiated, the pattern of cyp19a1b expression could be clearly segregated into two populations, suggesting a possible association with sex differentiation [START_REF] Trant | Developmental expression of cytochrome P450 aromatase genes (CYP19a and CYP19b) in zebrafish fry (Danio rerio)[END_REF]. However, although this bimodal pattern was confirmed in another study, it was lost at later stages of development; indeed, between 30-50 dpf during the period of sexual differentiation, there is no correlation between aromatase B expression and the gonadal phenotype [START_REF] Kallivretaki | The zebrafish, brain-specific, aromatase cyp19a2 is neither expressed nor distributed in a sexually dimorphic manner during sexual differentiation[END_REF]. It must be pointed out here that, as most fish except some medaka strains [START_REF] Schartl | A comparative view on sex determination in medaka[END_REF], zebrafish have no known sex determining gene. This does not allow us to ascertain whether the bimodal population really corresponds to males and females. However, a recent study performed on monosex genetic rainbow trout populations clearly showed that at 35dpf, before the period of gonadal sex differentiation, males have higher levels of cyp19a1b mRNA than females. This difference is lost from 50dpf onwards (D. Vizziano, I. Anglade, Y. Guiguen and O. Kah, unpublished).

The comparison of estrogen receptor and cyp19a1b expression during early development in zebrafish indicates spatiotemporal relationships between their expression.

Whole mount in situ hybridization and quantitative RT-PCR showed a significant increase in the expression of the three estrogen receptors, esr1, esr2a and esr2b, found in zebrafish [START_REF] Menuet | Molecular characterization of three estrogen receptor forms in zebrafish: binding characteristics, transactivation properties, and tissue distributions[END_REF] between 24 and 48 hpf. This increase parallels that observed for the cyp19a1b gene [START_REF] Mouriec | Androgens upregulate cyp19a1b (aromatase B) gene expression in the brain of zebrafish (Danio rerio) through estrogen receptors[END_REF]. It is very likely that the basal expression of cyp19a1b is due to estrogen receptor activation since exposure of embryos to the pure anti-estrogen ICI 182,780, dramatically reduces the increase of cyp19a1b expression between 24 and 120 hdp. Furthermore, there is also a spatial correlation between expression of estrogen receptors, esr2b and esr2a, in the preoptic area and in the hypothalamus, the regions where cyp19a1b mRNAs first appear between 24 and 48 hpf [61; 62]. The fact that functional estrogen receptors are already present around 24-48 hpf is further reinforced by the fact that exposure of embryos to estrogens or xeno-estrogens at these stages causes a dramatic increase in cyp19a1b mRNAs [61; 62], aromatase B protein [START_REF] Menuet | Expression and estrogen-dependent regulation of the zebrafish brain aromatase gene[END_REF] and cyp19a1b-GFP [61; 66] expression in the brain.

4.4-Relationships between estrogen receptors and cyp19a1b localization in the brain of fish

In the brain of fish, aromatase expression is highest in those brain regions with strong expression of estrogen receptors [112; 113; 114]. This is not surprising given that estrogen receptors are most likely to be needed in the vicinity of aromatase-expressing cells, in order to mediate the potential genomic effects of estrogens on surrounding target cells. On the other hand, all aforementioned data indicate that the exceptional expression of aromatase is largely, if not solely, due to the transcriptional effects of ER on the cyp19a1b promoter. One would therefore expect to observe a tight spatial relationship between ER and aromatase expression in the radial glial cells. There are many indications that the strongest expression of cyp19a1b is observed in brain regions, notably the preoptic area or the mediobasal hypothalamus, known for their high concentrations of ER mRNAs or protein [START_REF] Pellegrini | Relationships between aromatase and estrogen receptors in the brain of teleost fish[END_REF]. However, the formal demonstration that ER are expressed in radial cells is still lacking as all studies addressing this question used in situ hybridization on parallel sections [60; 61; 78; 115]. Such studies showed a close relationship, but were not conclusive in terms of estrogen receptor expression in radial glial cells. Nevertheless, in rainbow trout, esra mRNA could be amplified by RT-PCR from glial cell cultures [START_REF] Menuet | Distribution of aromatase mRNA and protein in the brain and pituitary of female rainbow trout: Comparison with estrogen receptor alpha[END_REF]. In the pejerrey, esr1 and cyp19a1b are expressed in cells lining the preoptic recess [START_REF] Strobl-Mazzulla | Brain aromatase (Cyp19A2) and estrogen receptors, in larvae and adult pejerrey fish Odontesthes bonariensis: Neuroanatomical and functional relations[END_REF]. In the zebrafish, both esr2a and esr2b mRNAs are expressed along the brain ventricles in many brain regions (F. Adrio and O. Kah, unpublished data). The current assumption is that estrogen receptors are probably expressed at low levels in radial glial cells but, given the high sensitivity of the cyp19a1b promoter to estrogens (see section 4.2.1), these levels would be sufficient to up-regulate aromatase B expression in radial cells.

5-Functional significance of aromatase expression in the brain of fish

It is now clear that the expression of cyp19a1b in the central nervous system of fish is restricted to the radial glial cells. It is also clear that the exceptional aromatase activity is due to the strong induction of the cyp19a1b gene by estrogens (or aromatizable androgens) due to a positive auto-regulatory loop through which estrogens, the products of aromatization, stimulate expression of their biosynthetic enzyme. What is really unclear are the potential functions of these estrogens produced locally in the brain. The situation is made even more complex when one contemplates the increasing diversity and complexity of the mechanisms underlying estrogen signaling. Indeed, diverse effects of membrane-mediated receptors have now been added to the classical genomic effects of esr1 and esr2 [116; 117]. These membrane-mediated effects may involve membrane estrogen receptors, such as GPR30, receptors for neurotransmitters, or interactions with growth factors [118; 119; 120]. Such membrane effects are not well documented in teleosts, but there is no reason to assume that they do not exist. Although these different mechanisms are likely to sustain a variety of estrogen effects on target cells, there is little precise information on the nature of such effects in fish.

5.1-A role for brain aromatase in fish sexual differentiation?

As stated above, there are many reasons, notably the weak genetic component of sex determination in fish, to assume that the mechanisms of brain sexual differentiation in teleost fish are different to those in mammals. The role of aromatase in sex differentiation has mainly been addressed at the level of the gonads where aromatase in recognized as a pivotal factor [START_REF] Guiguen | Ovarian aromatase and estrogens: A pivotal role for gonadal sex differentiation and sex change in fish[END_REF]. The current vision considers that cyp19a1a up-regulation is needed to trigger and maintain ovarian differentiation, whereas cyp19a1a down-regulation is a sufficient condition for inducing a testicular differentiation [START_REF] Guiguen | Ovarian aromatase and estrogens: A pivotal role for gonadal sex differentiation and sex change in fish[END_REF]. Nevertheless, there is some indication that brain aromatase could have a role in the process of sex differentiation. Indeed, there are an increasing number of studies showing that cyp19a1b expression shows a sexually dimorphic pattern early in development and prior to the period of gonadal sex differentiation [109; 115; 122; 123]. In the zebrafish, at 20 days i.e. before the period of sex differentiation cyp19a1b expression exhibits a bimodal profile [109; 110] that disappears at later stages but supposedly reflects a sexual dimorphism. In the pejerrey, whose sex determination is dependent on temperature, brain aromatase is more elevated at the male-promoting temperature [START_REF] Strobl-Mazzulla | Brain aromatase (Cyp19A2) and estrogen receptors, in larvae and adult pejerrey fish Odontesthes bonariensis: Neuroanatomical and functional relations[END_REF]. In the protandrous hermaphrodite black porgy (Acanthopagrus schlegeli), it was found that steroidogenic enzymes including brain aromatase are expressed at 60 days post-hatching, long before the period of testicular differentiation. The authors conclude that the coordinated increase in the expression of steroidogenic enzyme suggests that estradiol may be locally formed in most parts of the brain. This suggests an important role for brain aromatase in the male sexual differentiation of the brain in the black porgy [START_REF] Tomy | Developmental expression of key steroidogenic enzymes in the brain of protandrous black porgy fish, Acanthopagrus schlegeli[END_REF]. Similarly in trout, recent data indicate that neurosteroid production is higher in the brain of males before the period of gonadal morphological differentiation (D. Vizziano, Y. Guiguen and O. Kah et al., unpublished data). All these studies tend to indicate that neurosteroids, and notably neuroestrogens, may be implicated in the male brain differentiation, although this remains to be formally demonstrated. In contrast, cyp19a1b expression was not significantly different in a male enriched population of European sea bass, as compared to a female enriched population [START_REF] Blazquez | Sex-related changes in estrogen receptors and aromatase gene expression and enzymatic activity during early development and sex differentiation in the European sea bass (Dicentrarchus labrax)[END_REF].

Fish are known for exhibiting a wide variety of reproductive strategies ranging from gonochorism to sequential or simultaneous hermaphrodism. Many species change sex during their life history. This high plasticity of the phenotypic sex is viewed as an evolutive advantage: animals change sex when this change serves to increase their reproductive values [START_REF] Munday | Diversity and flexibility of sex-change strategies in animals[END_REF]. This implies that if the gonad is bipotential, the brain must also exhibit bipotentiality.

In mammals, the brain is irreversibly sexualized during the critical period of development. This is achieved through the brain aromatization of testosterone that masculinizes and defeminizes the brain. In fish, although the brain is sexualized during development in gonochorist species, the sexual orientation can be modified later in life as shown by hormonal manipulations that can induce a complete phenotypic sex change including the appropriate behaviour [START_REF] Munakata | Endocrine control of sexual behavior in teleost fish[END_REF]. According to [START_REF] Kobayashi | Hormonal and pheromonalcontrol of spawning behavior in goldfish[END_REF], the brain bipotentiality is permanent including in gonochorist fish. This is based on the fact that changes in sexual behaviour following hormonal treatment are very rapid suggesting activation of pre-existing mechanisms or structures [START_REF] Kobayashi | Hormonal and pheromonalcontrol of spawning behavior in goldfish[END_REF]. The mechanisms underlying these changes are not known.

However, the fact that aromatase is expressed in radial glial cells that are progenitors in the brain of fish (see below) and the fact that aromatase expression is modulated by sex steroids, certainly provides the substrate for a modulation of the neurogenic activity by estrogens and androgens. Clearly, theses issues deserve further attention.

5.2-Aromatase and neuroendocrine effects

In early studies, a role for brain aromatization of androgens has been demonstrated in the context of the neuroendocrine control of reproduction. For instance, in the brain of the triploid rainbow trout, both estrogens and aromatizable androgens increased salmon GnRH contents. In these animals, which have very low levels of circulating steroids, testosterone is more active than estradiol, probably because of high aromatase activity in the GnRH containing regions [START_REF] Breton | Steroid activation of the brain-pituitary complex gonadotropic function in the triploid rainbow trout Oncorhynchus mykiss[END_REF]. Both steroids were also shown to increase the salmon GnRH contents within the pituitary, which in fish receives a direct GnRH innervation. Similar data were obtained in the African catfish in which testosterone is able to accelerate the development of the catfish GnRH system, whereas hydroxy-androstenedione, a nonaromatizable androgen, has only minimal effects [START_REF] Dubois | Testosterone accelerates the development of the catfish GnRH system in the brain of immature African catfish (Clarias gariepinus)[END_REF]. These results indicate that one of the effects of the high testosterone concentrations found in both male and female salmonids during the maturation period is to accelerate the development and maturation of the neuroendocrine circuits.

5.3-Aromatase and sexual behaviour

The role of aromatase in sexual behaviour is well established in mammals and birds.

The effects of estrogens on sexual behaviour have been categorized into three classes: organizational (irreversible genomic action during ontogeny), activational (reversible genomic action during adulthood) and rapid non-genomic effects. In these models, locally produced estrogens are important for brain maculinization in males (in rodents) and brain defeminization of females (in quails) [129; 130]. In adults, testosterone produced by the testes is converted into estrogens by brain aromatase, resulting in gene transcription through genomic effects implicating ER. In addition, brain aromatase activity can be modulated in a matter of minutes by calcium-dependent phosphorylation, triggered by variations in glutamatergic neurotransmission. Such rapid changes in aromatase activity affect male sexual behaviour in quail and in mice [129; 130].

The role of aromatization in sexual behaviour in fish is also well recognized [START_REF] Munakata | Endocrine control of sexual behavior in teleost fish[END_REF]. In many fish, androgen or estrogen treatment causes a typical male sexual behaviour [START_REF] Munakata | Endocrine control of sexual behavior in teleost fish[END_REF], but the underlying mechanisms are largely unknown. The most detailed information comes from species with alternative male strategies such as the plainfin midshipman [START_REF] Forlano | Brain aromatase: new lessons from nonmammalian model systems[END_REF]. In this species, type I males court females into their nest while type II try to approach the nest to achieve parasitic fertilization. Type I males produce sounds ("humming") using their swim bladder and control these sounds through a sonic motor nucleus that acts on the muscles of the swim bladder and expresses aromatase [56; 78]. During the reproductive season, type II males show higher aromatase mRNA in the sonic motor nucleus than type I males or females that do not produce "humming" like vocalization [START_REF] Forlano | Seasonal plasticity of brain aromatase mRNA expression in glia: divergence across sex and vocal phenotypes[END_REF]. Consistent with aromatase expression in this motor nucleus, estrogen treatment rapidly increases the duration of vocal output obtained by electrical brain stimulation in both type I and II males and females. While testosterone has a similar effect in females and type II males, its action in females is entirely dependent on the rapid aromatization of testosterone in estradiol [START_REF] Remage-Healey | Plasticity in brain sexuality is revealed by the rapid actions of steroid hormones[END_REF].

Aromatase has also been implicated in aggressive behaviour in fish. Fish treated with estrogens [START_REF] Clotfelter | Behavioral changes in fish exposed to phytoestrogens[END_REF] or exposed to xeno-estrogens [START_REF] Colman | Effects of the synthetic estrogen, 17alpha-ethinylestradiol, on aggression and courtship behavior in male zebrafish (Danio rerio)[END_REF] show reduced aggressivity. In a sex changing goby, Lythrypnus dalli, it was also shown that socially induced and rapid increases in aggression are inversely related to brain aromatase activity, suggesting that aromatase activity can modulate fast changes in vertebrate social behaviour [START_REF] Black | Socially induced and rapid increases in aggression are inversely related to brain aromatase activity in a sexchanging fish, Lythrypnus dalli[END_REF]. Similarly, in the peacok blenny (Salaria pavo), large males with apparent secondary sexual characteristics establish nests and attract the females. Smaller males ("sneakers") try to mimic the female sexual behaviour to approach the nests and fertilize the eggs. These small males later irreversibly become large nesting males. Measurements of aromatase activity in both the gonads and brains suggest that the transition from small males to large ones is associated with increased testicular androgen production accompanied by an increased conversion of androgens into estrogens in the brain [START_REF] Goncalves | Brain and gonadal aromatase activity and steroid hormone levels in female and polymorphic males of the peacock blenny Salaria pavo[END_REF].

5.4-A role for aromatase and estradiol in neurogenesis?

Compared to mammals or birds, the brain of teleost fish exhibits both a strong expression of cyp19a1b in radial glial cells and a high proliferative activity that sustains the constant growth of their brains [136; 137; 138; 139; 140; 141; 142]. In this section, the possible links between these two characteristics are highlighted.

High proliferative activity and aromatase-expressing radial glial cells progenitors in the adult brain of zebrafish 29

Adult neurogenesis in the mammalian brain is restricted to the subependymal zone of the lateral ventricle and the subgranular zone of the dentate gyrus of the hippocampus [143; 144; 145; 146; 147; 148]. Similarly, in birds and reptiles, adult neurogenesis is restricted to periventricular zones of the lateral ventricular walls [149; 150; 151]. Interestingly, it is in the brain of teleost fish that adult proliferation is most widespread, as first shown in the guppy, Lebistes reticulates, by autoradiographic studies using tritiated thymidine [137; 138; 152].

Using 3 H-thymidine injection, and PCNA (Proliferating Cell Nuclear Antigen) or BrdU (5bromo-2-deoxyuridine) immunohistochemistry, it was demonstrated in the stickleback that proliferative zones are associated with the boundaries between brain territories, but are also found in many ventricular regions [START_REF] Ekstrom | Ventricular proliferation zones in the brain of an adult teleost fish and their relation to neuromeres and migration (secondary matrix) zones[END_REF]. This proliferative activity is more important in the anterior brain regions namely in the telencephalon, the diencephalon and the mesencephalon.

In zebrafish, proliferation zones are similarly distributed along the ventricles in the anterior brain, but also within the parenchyma in the cerebellum [64; 140; 153; 154; 155]. Very recent studies in zebrafish have now established that proliferation results in the generation of new neurons, raising the question of the nature of the progenitors [64; 140; 153; 156]. Using different markers of radial glial cells (Aromatase B, BLBP, GFAP, S-100, nestin) combined to either PCNA or BrdU immunohistochemistry, it was shown that, in many proliferative areas, most of the proliferative cells correspond to radial glial cells [64; 153; 157], a high percentage of which correspond to aromatase B positive cells. Figure 10 shows an example of proliferating aromatase B-positive radial glial cells labeled by PCNA. Thus, aromatase B-positive radial glial cells have the capacity to divide and long-term experiments using BrdU showed that newborn cells migrate along the radial processes [64; 153; 154] in a way similar to that described in the mouse cortex during embryogenesis [158; 159]. Interestingly, newborn cells originating mainly from ventricular precursors migrate within the parenchyma to colonize different brain regions and to differentiate into neurons as shown by the use of markers such as HuC/D or acetylated tubulin [64; 153; 154; 160]. However, there is increasing evidence for the presence of different subtypes of progenitor cells in the adult zebrafish telencephalon. Fast proliferating cells are localized in the ventral subpallium and posterior pallium. Such cells exhibit weak aromatase B activity [START_REF] März | Heterogeneity in progenitor cell subtypes in the ventricular zone of the zebrafish adult telencephalon[END_REF], whereas slow proliferating cells, corresponding to radial glial cells, are found in the other ventricular telencephalic and diencephalic regions [153; 154].

-Aromatase and estrogens in neurogenesis and brain repair

Given that radial progenitor cells in fish synthesize estrogens and considering the welldocumented actions of estrogens on cell fate, one may suggest that estrogens could somehow be implicated in modulating the neurogenic activity. Estrogen and aromatase are not only known for having neuroprotective and anti-apoptotic properties [5; 10; 161]:, a series of recent data suggests that estrogens could also promote neurogenesis or enhance proliferation following brain injury. Despite preliminary data indicating that aromatase inhibitors modulate progenitors proliferation (N. Diotel, unpublished results), the role of estrogens in the brain of adult fish is still poorly documented. In contrast, a growing number of arguments are available in other vertebrates. It is well known that estrogens and/or aromatase act on different aspects of neurogenesis in the brain such as proliferation [162; 163; 164; 165], differentiation [166; 167] and migration [START_REF] Fan | Estrogen receptor beta expression in the embryonic brain regulates development of calretinin-immunoreactive GABAergic interneurons[END_REF]. In addition, the role of estrogens in neuroprotection is now well established [161; 169; 170; 171; 172]. In rodents, brain aromatase activity is maximal during embryogenesis and during the perinatal period, when neurogenesis is at a maximum [START_REF] Lephart | A review of brain aromatase cytochrome P450[END_REF]. Interestingly, Martinez-Cerdeño and colleagues recently reported that aromatase is expressed in radial glial cells in the developing mouse cortex, that these cells proliferate and that blocking aromatase activity decreased this proliferative activity [START_REF] Martinez-Cerdeno | Estradiol stimulates progenitor cell division in the ventricular and subventricular zones of the embryonic neocortex[END_REF]. In adults, several studies point to a role of estrogens in regulating proliferation in the dentate gyrus of the hippocampal formation [162; 173; 174; 175; 176]. Another line of evidence comes from studies showing that estrogen production is often associated with brain repair. This is supported first by the fact that after chemical or mechanical lesions, aromatase is de novo expressed in reactive astrocytes in rats [START_REF] Garcia-Segura | Aromatase expression by astrocytes after brain injury: implications for local estrogen formation in brain repair[END_REF] and birds [START_REF] Peterson | Rapid upregulation of aromatase mRNA and protein following neural injury in the zebra finch (Taeniopygia guttata)[END_REF] or in radial cells in birds [START_REF] Peterson | Radial glia express aromatase in the injured zebra finch brain[END_REF]. In the zebra finch, mechanical injury of the cortex leads to aromatase expression in radial glial cells facing the lesion and this expression is strongly correlated with increased proliferation near the lesion [START_REF] Peterson | Radial glia express aromatase in the injured zebra finch brain[END_REF]. Further studies showed that estrogens are directly involved in the brain response to injury and may be acting to provide a rich environment for the production and perhaps protection of new cellc [START_REF] Lee | Estrogen mediation of injury-induced cell birth in neuroproliferative regions of the adult zebra finch brain[END_REF].

Mice knocked-out for estrogen receptors alpha and beta (ERα or ERβ) are useful models to understand the role of estrogens and estrogen receptors in neurogenesis. In contrast to the wild type, estradiol failed to promote neurogenesis in ERα or ERβ knocked-out mice following experimental ischemic stroke [START_REF] Suzuki | Estradiol enhances neurogenesis following ischemic stroke through estrogen receptors alpha and beta[END_REF]. In addition, ERαKO mice do not present a sexual dimorphism in the anteroventral periventricular nucleus suggesting that estrogens and their receptors are important for brain differentiation and act on the process of neurogenesis [START_REF] Simerly | Estrogen receptor-dependent sexual differentiation of dopaminergic neurons in the preoptic region of the mouse[END_REF]. Moreover, in ERβKO, a general decrease in neuron number has been observed in several parts of the brain, notably in the somatosensory cortex, whereas the number of astroglial cells in the limbic system is higher than in wild-type mice [START_REF] Wang | Morphological abnormalities in the brains of estrogen receptor beta knockout mice[END_REF]. Neurons of ERβKO mice are also more sensitive to aging, showing the role of estrogens and more precisely the role of the ERβ pathway in proliferation and neural survival notably with age [START_REF] Wang | Morphological abnormalities in the brains of estrogen receptor beta knockout mice[END_REF]. Consequently, it seems that ERα is implicated in brain sexual differentiation during development [START_REF] Simerly | Estrogen receptor-dependent sexual differentiation of dopaminergic neurons in the preoptic region of the mouse[END_REF], whereas ERβ would be involved in proliferation and neural survival, notably with age [START_REF] Wang | Morphological abnormalities in the brains of estrogen receptor beta knockout mice[END_REF].

Aromatase knocked-out (ArKO) mice exhibit a spontaneous apoptosis of pyramidal neurons in the frontal cortex of 12 week old female compared to wild-type animals [START_REF] Hill | Estrogen deficiency results in apoptosis in the frontal cortex of adult female aromatase knockout mice[END_REF],

suggesting that local estrogen synthesis in the brain is necessary for cell survival. Moreover, ArKO mice are known to be more sensitive to brain ischemic damage than wild type mice [START_REF] Mccullough | Aromatase cytochrome P450 and extragonadal estrogen play a role in ischemic neuroprotection[END_REF], and a number of studies suggest that loss of aromatase could be a risk factor for neurodegenerative diseases such as Parkinson's or Alzheimer's disease [184; 185; 186]. Interestingly, fish are well known for the high capability of their brains to regenerate after injury [140; 187]. For example, zebrafish are able to regenerate parts of their central nervous system (optical nerve, spinal cord, cerebellum) after different sorts of lesions (optic nerve lesion, spinal cord transection, photo-lesion, stab or chemical lesions) [188]. After mechanical injury of the cerebellum or spinal cord of gymnotiform fish Apteronotus leptorhynchus, neuronal death by apoptosis and replacement of these neurons by new young cells are observed [140; 156; 189]. In order to investigate these mechanisms in the zebrafish brain, preliminary studies using mechanical injury of the telencephalon were performed. After eight days, we observed a 250% increase in the number of PCNA-immunoreactive cells in the lesioned telencephalic hemisphere, compared to the contralateral one. Aromatase B immunohistochemistry indicates that dividing cells in the lesioned area are either AroBpositive-RGC or, similar to reports in birds [START_REF] Lee | Estrogen mediation of injury-induced cell birth in neuroproliferative regions of the adult zebra finch brain[END_REF], cells tightly inserted between aromatse Bradial glial cells (Figure 11). Interestingly, extensions of radial glial cells appear to converge towards the lesion suggesting a scaffolding role for potential newborn cell migration. These results further document the high capacity of proliferation after lesion. In addition, given the role of estrogens and aromatase in neuroprotection and repair, these results strongly suggest that in zebrafish, aromatase is also up-regulated after injury and is implicated in the increase of proliferative activity and brain repair. Such results appear highly similar to those reported in birds following mechanical lesions [START_REF] Peterson | Radial glia express aromatase in the injured zebra finch brain[END_REF]. This similarity between the proliferative activity in bird and zebrafish following a lesion also suggests that the mechanisms regulating aromatase expression in radial glial cells after injury could be conserved between fish and birds.

6-Biosynthesis of neurosteroids in the brain of zebrafish

It is now clear that the fish brain is a major site of aromatase expression and activity [START_REF] Pellegrini | Relationships between aromatase and estrogen receptors in the brain of teleost fish[END_REF]. However, the question remains open as to the origin of aromatizable androgens used as substrates for brain aromatization. These C19 androgens can originate from the general circulation, as assumed until now, or alternatively be produced de novo in the brain.

In mammals, the hypothesis that neurosteroids can be produced entirely within the brain was first raised and documented for pregnenolone and dehydroepiandrosterone (DHEA) following studies showing that castration and adrenalectomy did not modify the levels of certain steroid hormones in the brain [190; 191]. More recently, it was shown that some structures, namely the hippocampus, are able to synthesize estradiol from pregnenolone indicating that other steroidogenic enzymes are expressed in some brain regions [17; 192].

Similarly, in birds, recent data reported expression of the whole series of steroidogenic enzymes along the brain ventricles during brain development [6; 17].

In fish, apart from aromatase, there is only limited information on the expression of other steroidogenic enzymes (cyp11a1, 3β-hsd, P450cyp17 and 17β-hsd) and their activity in the brain is not well documented.

6.1-Cytochrome P450 side-chain cleavage (P450scc)

The first enzymatic step permitting steroid synthesis is the conversion of the precursor cholesterol into the C 21 -steroid, pregnenolone (Δ 5 P). This reaction is catalyzed by the cytochrome P450scc, a mitochondrial enzyme encoded by the Cyp11a1 gene [START_REF] Lieberman | A heuristic proposal for understanding steroidogenic processes[END_REF]. First evidence of P450scc expression in the brain was shown in the rat [START_REF] Le Goascogne | Neurosteroids: cytochrome P-450scc in rat brain[END_REF] and these authors demonstrated that the P450scc gene was expressed in glial cells, as well as in neurons of the hippocampus of neonatal and adult rats [17; 195]. In zebrafish, at 14hpf, cyp11a1 messengers are detected by in situ hybridization in the yolk syncytial layer, and in adults, cyp11a1 mRNAs are detected in the gonads, the interrenal glands and the brain. In addition, RT-PCR transcripts are expressed in the adult brain of zebrafish and, using whole mount in situ hybridization, cyp11a1 gene expression was detected from the telencephalon, preglomerular area, and hypothalamus [196; 197]. However, the precise location of transcripts and their relative abundance in the adult zebrafish brain remain to be determined.

6.2-P450 17alpha-hydroxylase/c17-20 lyase: P450c17

The cytochrome P450 17alpha-hydroxylase/c17-20 lyase (P450c17) is a microsomal enzyme that exhibits two different activites: hydroxylase and lyase activities. The first evidence of P450c17 expression in the fish brain was found in fathead (Pimephales promelas) minnow following RT-PCR and southern hybridization, demonstrating P450c17 expression in the brain of males and females [START_REF] Halm | Cloning and gene expression of P450 17alpha-hydroxylase,17,20-lyase cDNA in the gonads and brain of the fathead minnow Pimephales promelas[END_REF]. Studies on the black porgy (Acanthopagrus schlegeli) demonstrated that transcripts of key steroidogenic enzymes, namely P450c17, are all expressed in the brain at 60, 120 and 150 days post hatching, strongly suggesting that the brain of this fish has the capacity for de novo steroidogenesis [START_REF] Tomy | Developmental expression of key steroidogenic enzymes in the brain of protandrous black porgy fish, Acanthopagrus schlegeli[END_REF]. However, the precise localization of expression sites of steroidogenic enzymes in the adult brain requires further research.

6.3-3-β-hydroxysteroid dehydrogenase/Δ-5-4 isomerase (3βHSD)

3β-HSD is a key steroidogenic enzyme catalyzing the synthesis of progesterone from pregnenolone, 17-hydroxyprogesterone from 17-hydroxypregnenolone, and androstenedione from dehydro-epiandrosterone (DHEA), by oxidation and isomerization reactions. In zebrafish, 3β-HSD-like immunoreactivity was shown in several brain regions such as in dorsal telencephalic areas, the central posterior thalamic nucleus, preoptic nuclei or the posterior tuberal nucleus, in neuron-like cells [START_REF] Sakamoto | Activity and localization of 3betahydroxysteroid dehydrogenase/ Delta5-Delta4-isomerase in the zebrafish central nervous system[END_REF]. Additionally, high performance liquid chromatography showed that the brain of adult zebrafish is able to convert pregnenolone into progesterone, suggesting the enzymatic activity of 3β-HSD [START_REF] Sakamoto | Activity and localization of 3betahydroxysteroid dehydrogenase/ Delta5-Delta4-isomerase in the zebrafish central nervous system[END_REF].

6.4-17β-hydroxysteroid dehydrogenase: 17βHSD

17β-hydroxysteroid dehydrogenases (17βHSD) are a group of key enzymes known for their importance in the last steps of steroid biosynthesis [200; 201]. These enzymes convert estrone into estradiol (and vice-versa), and it is considered that 17beta-HSD type 3 is the main enzyme catalyzing the reduction of androstenedione into testosterone in mammalian and non mammalian vertebrates. Fish have up to nine types of 17βHSD and only four (17βHSD type 1, 2, 3 and 12) have been characterized with respect to their catalytic activity and expression pattern [202; 203; 204; 205; 206]. In zebrafish, 17βHSD are expressed in the testis and the ovarian follicles [204; 207] but RT-PCR experiments demonstrate that 17βHSD type 1, 2 and 3 are also expressed in the brain of both male and female zebrafish [202; 204]. However, another study reported loss of 17βHSD type 2 enzymatic activity in the zebrafish [START_REF] Mindnich | Functional genome analysis indicates loss of 17beta-hydroxysteroid dehydrogenase type 2 enzyme in the zebrafish[END_REF].

6.5-5α-reductase

The microsomal enzyme 5α-reductase reduces the C4-C5 double bond of several steroid substrates [17; 208]. This enzyme notably catalyzes the conversion of testosterone into the more potent 5α-dihydrotestosterone (or also that of progesterone into 5αdihydroprogesterone and 11-deoxycorticosterone into 5α-dihydrodeoxycorticosterone) [START_REF] Rego | Neurosteroid biosynthesis: enzymatic pathways and neuroendocrine regulation by neurotransmitters and neuropeptides[END_REF].

Interestingly, early studies showed that the brain of teleost fish exhibits a high 5α-reductase activity [19; 209]. Subsequent studies confirmed this high activity in goldfish and toadfish.

More recently, 5α-reductase immunoreactivity has been reported in the African lungfish (Protopterus annectens) [START_REF] Mathieu | Immunohistochemical localization of 3 beta-hydroxysteroid dehydrogenase and 5 alpha-reductase in the brain of the African lungfish Protopterus annectens[END_REF], but there is no information about the cellular localization of 5α-reductase in teleosts.

Conclusion and perspectives

Altogether, these data point to unique features of the fish brain with respect to brain aromatase. However, while some answers have been given, there are still many open questions. The high aromatase activity observed in mature fish is clearly due to up-regulation of the cyp19a1b gene in the radial glial cells by estrogens and androgens. However, the functions of aromatase expression in these cells are largely open to speculation. The fact that these cells are progenitors in adult fish suggests potential new roles for estrogens in neurogenesis that do not exclude their involvement in "classical" mechanisms. There is increasing evidence for a role of aromatase in the sexualization of the brain and aromatase is clearly involved in sexual behaviour. These new potential functions must also be considered in light of emerging data showing that the teleost brain de novo produces substrates for the aromatase enzyme. Obviously, the functional significance of brain aromatization changes radically if the brain does not need the gonad to produce aromatizable androgens. Recent metabolism studies on the zebrafish brain indicated that key steroidogenic enzymes are active leading to the formation of aromatizable androgens (N. Diotel and J.L Do Rego. unpublished data). In addition, in situ hybridization data established their expression pattern in the vicinity of brain aromatase-expressing cells (N. Diotel et al., unpublished data). These results reinforce the view that the brain of fish is a true steroidogenic organ able to produce estradiol in radial glial progenitors in the absence of gonadal androgens. Given the effects of estrogens on proliferation, differentiation and apoptosis, one may assume that this property contributes to provide the brain with a high neurogenic activity and exceptional plasticity. The persistence of radial glial progenitors in many regions and throughout life makes it likely that neurogenesis can occur in the entire brain throughout adulthood.

In addition to the intrinsic neurogenic properties highlighted above, the brain of adult fish exhibits a situation where there is a coexistence of adult neurogenesis similar to that described in other models, such as the presence of a rostral migratory stream [START_REF] Adolf | Conserved and acquired features of adult neurogenesis in the zebrafish telencephalon[END_REF], and mechanisms resembling embryonic neurogenesis such as the persistence of radial glial cells allowing brain growth. Figure 12 summarizes this peculiar neurogenic system in teleost fish compared to rodents and the potential involvement of aromatase and estrogen synthesis in these processes. Obviously, given the high sensitivity of aromatase expression to estrogens and androgens, gonadal activity is likely to further modulate the neurogenic activity and plasticity in regions such as the preoptic area and the mediobasal hypothalamus, where aromatase expression is highest. It is possible that these characteristics allow the fish brain to construct sex specific circuits throughout life. However, in birds and mice, it has been demonstrated that aromatase activity can be rapidly modulated by post-translation mechanisms, such as phosphorylation [130; 135]. Such fast changes can also possibly explain the rapid switch between male and female sexual behaviour in simultaneous hermaphrodites.

The precise mechanisms underlying such potential effects remain to be determined. In particular, the role of estrogen receptors (ERα, ERβ1 and ERβ2) in fish neurogenesis is yet poorly documented [START_REF] Pellegrini | Relationships between aromatase and estrogen receptors in the brain of teleost fish[END_REF]. So are the potential roles of GPR30 or other membrane-mediated effects. Recently described in the CNS of mammals, GPR30 represents an additional pathway through which estrogen may mediate its effects on different brains functions [211; 212].

Although GPR30 expression was reported in oocytes and gonads in fish [213; 214; 215], its expression and functions in the brain remain to be determined [START_REF] Liu | Identification of a membrane estrogen receptor in zebrafish with homology to mammalian GPER and its high expression in early germ cells of the testis[END_REF].

In order to better understand the general and global involvement of aromatase/estrogens in neurogenesis, fish, and notably small fish such as zebrafish and medaka, are powerful models allowing multiple experimental approaches: in vivo imaging, loss and gain of functions by morpholinos and/or RNA interference and probably in a few years by knock-out [START_REF] Skromne | Current perspectives in zebrafish reverse genetics: moving forward[END_REF]. Considering the emerging functions of estrogens in the developing brain and the sensitivity of brain aromatase to estrogens and aromatizable androgens, fish are also outstanding models to study the effects of endocrine disruptors on brain development by using the high sensitivity of the cyp19a1b gene to estrogenic compounds [62; 66; 92; 107; 218]. Indeed, it is now recognized that embryonic stages are highly vulnerable to endocrine disruptors that may cause alterations in brain development and its subsequent functioning or disrupt sexual behaviour. In this respect, there is a lack of appropriate and readily accessible mammalian models. In any case, it is very likely that much is to be learnt from fish models with regards to the diverse and complex functions of estrogens in the central nervous system. A' to H': Transversal brain sections of cyp19a1b-GFP transgenic fish line [START_REF] Tong | A cyp19a1b-gfp (aromatase B) transgenic zebrafish line that expresses GFP in radial glial cells[END_REF] showing the expression of GFP in radial glial cells (cell bodies and processes) in different brain nuclei.

Legends to figures

Note that GFP expression recapitulates that of aromatase B (A to H). sampling. Aromatase immunohistochemistry was performed as previously described [START_REF] Pellegrini | Identification of aromatase-positive radial glial cells as progenitor cells in the ventricular layer of the forebrain in zebrafish[END_REF]. For PCNA immunohistochemistry, antigen retrieval was done by submersing tissue sections in sodium citrate buffer (pH 7; 64°C) for 90 min. Anti-PCNA (Dako, Clone PC10) was used at 1:100. In the rodent, the embryonic neurogenesis is characterized by an intense proliferation that is correlated to a high aromatase activity [START_REF] Lephart | A review of brain aromatase cytochrome P450[END_REF]. Radial glia-like cells, possibly expressing aromatase, at least in the cortex [START_REF] Martinez-Cerdeno | Estradiol stimulates progenitor cell division in the ventricular and subventricular zones of the embryonic neocortex[END_REF], give birth to neurons. After birth, this neurogenic activity decreases rapidly as radial progenitors transform into astrocytes [START_REF] Noctor | Neurons derived from radial glial cells establish radial units in neocortex[END_REF]. In the adult brain, this neurogenic activity is confined to two small regions, the dentate gyrus of the hippocampus and the subependymal zone of the lateral ventricles. Aromatase activity is documented in the hippocampus [START_REF] Hojo | Adult male rat hippocampus synthesizes estradiol from pregnenolone by cytochromes P45017alpha and P450 aromatase localized in neurons[END_REF], whereas radial glial cells may persist in the subependymal zone of the lateral ventricles [START_REF] Gubert | telencephalic area; Dm, medial zone of dorsal telencephalic area; DOT, dorsomedial optic tract; Dp, posterior zone of dorsal telencephalic area; DP, dorsal posterior thalamic nucleus; ECL, external cellular layer of olfactory bulb; EG, eminentia granularis; ENv, entopenduncular nucleus, ventral part; FR, fasciculus retroflexus; GL, glomerular layer of olfactory bulb; Had, dorsal habenular nucleus; Hav, ventral habenular nucleus; Hc, caudal zone of periventricular hypothalamus; Hv, ventral zone of periventricular hypothalamus; ICL, internal cellular layer of olfactory bulb; IL, inferior lobe; LH, lateral hypothalamic nucleus; LR, lateral recess of diencephalic nucleus; MLF, medial longitudinal fascicle; NMLF, nucleus of medial longitudinal fascicle; PG, preglomerular nucleus; PGa, anterior preglomerular nucleus; PGl, lateral preglomerular nucleus; Pit, pituitary; PP, periventricular pretectal nucleus; PO, posterior pretectal nucleus; PPa, parvocellular preoptic nucleus, anterior part; PPp, parvocellular preoptic nucleus, posterior part; PR, posterior recess of diencephalic ventricle; PSp, parvocellular superficial pretectal nucleus; PTN, posterior tuberal nucleus; R, rostrolateral nucleus; RF, reticular formation; SC, suprachiasmatic nucleus; SD, saccus dorsalis; SO, secondary octaval population; TeO, tectum opticum; TL, torus longitudinalis; TLa, torus lateralis; TPp, periventricular nucleus of posterior tuberculum; TS, torus semicircularis; V, ventral telencephalic area; V3, third ventricle; VII, sensory root of the facial nerve; VIII, octaval nerve; VCe, valvula cerebelli; Vd, dorsal nucleus of ventral telencephalic area; VL, ventrolateral thalamic nucleus; VM, ventromedial thalamic nucleus; VOT, ventrolateral optic tract; Vp, postcommissural nucleus of ventral telencephalic area; Vv, ventral nucleus of ventral telencephalic area; ZL, zona limitans. Bar = 200 µm (A to H); 100 µm (A', C', A'', B'', C'', F'', G''); 50µm[END_REF]. In contrast, in teleost fish, the whole brain keeps growing, even in sexually mature fish, and thus conserves throughout life features of the developing brain in rodents (intense neurogenesis, high aromatase activities and persistence of radial progenitors in the entire brain, except in the cerebellum). 
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 1 Distribution of aromatase B-immunoreactivity in the brain of teleosts. The number of crosses represents the relative amount of immunoreactivity in the different structures of the same species. N.D.: not documented

		Plainfin midshipman	Rainbow trout	Zebrafish	Pejerrey	Bluehead wrasse
		Porichthys	Oncorhynchus	Danio rerio	Odontesthes	Thalassoma
		notatus	mykiss		bonariensis	bifasciatum
		[7; 56]	[60]	[18; 62; 64; 65;	[67; 115]	[68]
				66]		
	Olfactory Bulbs	++	++	++(+)	++	N.D.
	Subpallium	++	+++	++(+)	(++)/N.D.	++
	Pallium	+++	++(+)	++(+)	(++)/N.D.	++
	Preoptic area	++++	++++	++++	++++	++
	Hypothalamus	+++	++++	+++(+)	++++	++
	Posterior Recess	++	++	++++	N.D	N.D
	Lateral Recess	++	+(+)	++	N.D	++
	Optic tectum	-	+	+	+	++
	Torus	-	++	++	-	++
	semicircularis					
	Sonic motor	+++	N. D	N.D	N.D.	N.D.
	nucleus					
	Medulla	+	+	+	N.D.	N.D.
	oblongata					
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Underlined residues are those mutated in (B). From Le Page et al., 2008 [92] B: Proteins present in glial cells bind the GxRE using an AGGTCA core sequence. Gel shift assays were performed with whole cell extracts (5 mg) from glial or non-glial cell lines and 32