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ABSTRACT 
 
Light is a key environmental factor that synchronizes all life-stages of fish, from embryo development to 
sexual maturation. The present review covers information gathered in recent years to emphasize the 
importance of photoperiod and melatonin in fish physiology. It is well known that melatonin is a much 
conserved feature in vertebrates that plays a central role in the entrainment of daily and annual 
physiological rhythms. In this article we have reviewed about the photoperiod and its importance in fish 
reproduction, pineal gland structure and function, sites of melatonin production in fish, role of AANAT 
enzyme in melatonin production, endocrine regulation of melatonin production and its role in 
neuroendocrine regulations of reproduction, growth, feeding behavioural responses and its importance in 
aquaculture. 
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INTRODUCTION 
 

Daily behavioural processes in fish, such as locomotor activity, sedation, skin pigmentation, oxygen consumption, 
thermoregulation, food intake and shoaling behavior, are under the influence of environmental factors. The 
alternation of light and darkness [the 24-hour light-dark (LD) cycle] has a major role in the synchronization of these 
daily rhythms; other factors, including temperature, salinity and food availability, might also shape the oscillations. 
Fish have also adapted to the annual changes of these external cues, so that physiological functions such as growth 
and reproduction also display annual rhythmicity.A circadian system comprises all the different components by  
which light enters the organism and is transformed into a timed  nervous or hormonal signal. The core of the system 
is made of a clock machinery, the autonomous activity of which is synchronized  to the prevailing 24 h LD cycle by 
light perceived through specific  light sensors; in turn, the clocks drive the production of rhythmic  output signals.  
 
Photic Cues 
In photic cues two importantparts are duration and quality of the photic signal [9]. If photoperiod varies along the 
annual cycle in a regular and predictable manner, light quality in terms of intensity and spectrum is less 
predictable and will depend on habitats characterized by depth, clarity and structure. Thus, in order to 
optimize the rearing conditions and eventually being able to manipulate fish physiology one has to consider the 
respective durations of day and night and, in both situations, light intensity, spectral composition and 
orientation [47, 51]. It is important to emphasize that fish perceive light both from above (via the pineal organ), the 
sides (via the eyes) and possibly through deep brain photoreceptors. All these light centres may have different 
sensitivities.  
 
Fish are able to visually discriminate colours although species specific sensitivities  exist probably as a result to 
adaptation of the visual and non-visual systems to specific natural habitats [14, 56]. Light of different spectral 
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composition cantherefore affect fish growth and survival as shown in different species 
stress response [87], behaviour [44]
 
However, some species can grow better and develop quicker at low light intensities, 
lx [15], juvenile halibut at 1-10 lx [36]
reported to show improved growth at very intense light levels, 
[3,59], Atlantic cod larvae at 2400 lx 
light intensity on growth and survival are species
 
Pineal Gland 
In most species investigated, the pineal organ appears as a vesicle attached to the roof of the diencephalo
slender stalk; it is usually located below a window in the skull through which light enters. The vesicle is made of a 
pseudo-stratified epithelium that is opened to the cerebrospinal fluid (CSF); folliculated (as in birds) as well as 
compact (as in mammals) glands have also been described 
photoreceptor cells and of ependymal interstitial cells that contact the CSF in their most apical part 
photoreceptor cells establish synaptic contacts 
pineal organ of non-mammalian vertebrates thus resembles very much to a simplified retina, and the structural and 
functional analogies between the two organs have been ex
share more than structural analogies with the retinal cones
they have a similar composition in lipids and proteins of the phototransduction cascade (opsins, tra
cyclic nucleotide gated channel). And, their electrical response to light stimuli is similar: light induces a dose
dependent cell hyperpolarization that results in the inhibition of an excitatory neurotransmitter (aspartate or 
glutamate). In the pineal organ, the excitatory neurotransmitter reaches directly the ganglion cells, which send their 
axons to the brain. Thus, the signals that are conveyed to the brain reflect mainly the response of the photoreceptor 
cells, i.e., the pineal organ is a luminance detector that provides information on light
duration of day-length. It is interesting that the pineal and retinal ganglion cells may target similar brain areas, 
particularly in the thalamus and pretectum
photoreceptors both produce melatonin at night, following cell depolarization 
 
Brain Pituitary Gonadal (BPG) Axis  
The neuroendocrine system initiates and controls the proce
through the activation of the hypothalamus
controlled by environmental and 
the hypothalamus which, in turn stimulates the release of gonadotropin releasing hormone
stimulates the release of gonadotropins (GTH) from the 
of other vertebrates, have been shown to secrete two kinds of gonadotropins; GTH
Stimulating Hormone; FSH) and GTH
gonadal growth and gametogenesis while GTH
 

Fig: 1 Pineal Gland (A) Arrow mark showing the position on pineal gland in fish brain (B) Arrow mark showing the cross sectio
gland in teleost fish and (C) Showing the different parts of pineal gland
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composition cantherefore affect fish growth and survival as shown in different species [56]
[44] and reproduction [52]. 

However, some species can grow better and develop quicker at low light intensities, such as striped bass larvae at 1 
[36] and juvenile haddock at 30 lx [82]. On the other hand, 

reported to show improved growth at very intense light levels, European sea bass larvae at 1400
larvae at 2400 lx [63], and black porgy juveniles at 3000 lx [72]. It seems that the effect of 

survival are species-specific.  

In most species investigated, the pineal organ appears as a vesicle attached to the roof of the diencephalo
slender stalk; it is usually located below a window in the skull through which light enters. The vesicle is made of a 

stratified epithelium that is opened to the cerebrospinal fluid (CSF); folliculated (as in birds) as well as 
mammals) glands have also been described [23]. The pineal epithelium is made of true cone

photoreceptor cells and of ependymal interstitial cells that contact the CSF in their most apical part 
photoreceptor cells establish synaptic contacts with second order neurons that send their axons to the brain. The 

mammalian vertebrates thus resembles very much to a simplified retina, and the structural and 
functional analogies between the two organs have been extensively reviewed in the past. The pineal photoreceptors 
share more than structural analogies with the retinal cones [21, 24, and 25]. As true light sensitive photoreceptors, 
they have a similar composition in lipids and proteins of the phototransduction cascade (opsins, tra
cyclic nucleotide gated channel). And, their electrical response to light stimuli is similar: light induces a dose
dependent cell hyperpolarization that results in the inhibition of an excitatory neurotransmitter (aspartate or 

. In the pineal organ, the excitatory neurotransmitter reaches directly the ganglion cells, which send their 
axons to the brain. Thus, the signals that are conveyed to the brain reflect mainly the response of the photoreceptor 

is a luminance detector that provides information on light intensity, spectral content and 
length. It is interesting that the pineal and retinal ganglion cells may target similar brain areas, 

particularly in the thalamus and pretectum[21]. In addition to the excitatory neurotransmitter, the pineal and retinal 
photoreceptors both produce melatonin at night, following cell depolarization [24, 25]. 

Axis   
The neuroendocrine system initiates and controls the process of gametogenesis and  
through the activation of the hypothalamus-pituitary-gonadal  axis [40, 43]. The activation of this axis is 
controlled by environmental and endogenous cues. Brain receives these cues from the environment and 
the hypothalamus which, in turn stimulates the release of gonadotropin releasing hormone
stimulates the release of gonadotropins (GTH) from the pituitary [42, 57]. Fish pituitaries however, similar to those 
of other vertebrates, have been shown to secrete two kinds of gonadotropins; GTH
Stimulating Hormone; FSH) and GTH-II (similar to Luteinising Hormone; LH).  GTH
gonadal growth and gametogenesis while GTH-II is prevalent during the final stages of maturation [42, 83

 
Fig: 1 Pineal Gland (A) Arrow mark showing the position on pineal gland in fish brain (B) Arrow mark showing the cross sectio

in teleost fish and (C) Showing the different parts of pineal gland 
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[56], body pigmentation [86], 

such as striped bass larvae at 1 
. On the other hand, some species were 

European sea bass larvae at 1400-3500 lx 
. It seems that the effect of 

In most species investigated, the pineal organ appears as a vesicle attached to the roof of the diencephalon by a 
slender stalk; it is usually located below a window in the skull through which light enters. The vesicle is made of a 

stratified epithelium that is opened to the cerebrospinal fluid (CSF); folliculated (as in birds) as well as 
. The pineal epithelium is made of true cone-like 

photoreceptor cells and of ependymal interstitial cells that contact the CSF in their most apical part [25]. The 
with second order neurons that send their axons to the brain. The 

mammalian vertebrates thus resembles very much to a simplified retina, and the structural and 
. The pineal photoreceptors 

. As true light sensitive photoreceptors, 
they have a similar composition in lipids and proteins of the phototransduction cascade (opsins, transducin, arrestin, 
cyclic nucleotide gated channel). And, their electrical response to light stimuli is similar: light induces a dose-
dependent cell hyperpolarization that results in the inhibition of an excitatory neurotransmitter (aspartate or 

. In the pineal organ, the excitatory neurotransmitter reaches directly the ganglion cells, which send their 
axons to the brain. Thus, the signals that are conveyed to the brain reflect mainly the response of the photoreceptor 

intensity, spectral content and 
length. It is interesting that the pineal and retinal ganglion cells may target similar brain areas, 

In addition to the excitatory neurotransmitter, the pineal and retinal 

 steroidogenesis primarily 
axis [40, 43]. The activation of this axis is 

endogenous cues. Brain receives these cues from the environment and activates 
the hypothalamus which, in turn stimulates the release of gonadotropin releasing hormone (GnRH). Then GnRH 

7]. Fish pituitaries however, similar to those 
of other vertebrates, have been shown to secrete two kinds of gonadotropins; GTH-I (similar to Follicle 

Hormone; LH).  GTH-I plays a role during initial 
II is prevalent during the final stages of maturation [42, 83]. 

 

Fig: 1 Pineal Gland (A) Arrow mark showing the position on pineal gland in fish brain (B) Arrow mark showing the cross section pineal 
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In ovaries, the gonadotropins stimulate the theca and granulosa cells of the ovarian follicle to secrete steroids 
including androgens (e.g. testosterone), oestrogens (e.g. 17 β-oestradiol) and progestagens(e.g.17α-20 β-
dihydroprogesterone) [13]. During the early oocyte growth and development phases, FSH stimulates the follicular  
cells of the oocyte to produce testosterone (T) which is then converted into 17β-oestradiol(E2) in the granulosa cells 
via the activity of the aromatase enzyme [66]. Increased  E2  levels  in  the  blood  stimulate  the hepatic  system  to  
synthetisevitellogenin (VTG). Estrogen(E2) peaks generally, during the period of most active vitellogenesis,and 
returns to basal levels before ovulation.  Testosterone (T) starts to increase in conjunction with E2, but peak levels 
are not attained until 1-2 months after E2[8, 32].  VTG is a large glycophospho-lipoprotein produced by the liver and 
transported via the circulatory system to the ovarian follicle, processed into yolk proteins then accumulated as 
yolk globules in the growing oocytes. 
 
 Once vitellogenesis is complete, plasma E2 levels fall rapidly and a negative feedback on the hypothalamus and 
pituitary triggers the release of LH [42, 52]. LH stimulates the final oocyte maturation through the secretion of 
progestagens (17α-20βDHP or 17,20-20β, 21-P), acting as the maturation inducing hormone (MIH) [57].This hormone 
then binds to the oocyte nucleus and forms the maturation promoting factors (MPF) which stimulates the germinal 
vesicle migration (GVM) towards the micropyle. The germinal vesicle then breaks down (GVBD) prior to the 
hydration stage and subsequent ovulation [42, 74].  
 
In testes, the two GTH hormones play different functional roles. FSH levels are  elevated during spermatogenesis 
while LH levels peak during spermiation[66]. Both gonadotropins have been reported to have two types of receptors, 
onein the Leydig cells which is specific to LH, and the other one located in Leydig and Sertolicells with affinities to 
both FSH and LH [73]. In fish every single primary spermatogonium is enveloped by one or two Sertoli cells which 
support germ cells by providing the optimal microenvironment [57]. Leydig cells are steroidogenic, e.g. responsible 
for the production of steroids. FSH acts by regulating Sertoli cell functions to stimulate germ cells growth during 
spermatogenesis [42]. The LH receptor is then expressed by Leydig cells, which respond to LH and release 
androgens (testosterone and 11-ketotestosterone) with T stimulating pituitary LH synthesis during puberty [37, 57]. 
Peak levels of 11-KT coincide with spermiation[84]. In male fish, 11-ketotestosterone (11-KT) is considered to 
be the main androgen hormone, stimulating the development of secondary sexual characters and spermatogenesis. 
Seasonal cycles of gonadal activity have been described in many teleosts species.  
 
Although the BPG axis has been well described in fish over the last few decades, the  cascade from environmental 
cue to brain gonadotropin stimulation resulting in the timing  and regulation of gonadal development remained 
unknown.  Recently, a new peptide, Kisspeptin, has been identified as a key actor in the initiation of puberty and 
regulation of  seasonal breeding in mammals [68]. It has been proposed  that  Kisspeptin  actions  are  mediated  
by  melatonin  signalling  by  directly regulating KiSS-1 expression as well as changing sensitivity of KiSS-1 
to sex steroid feedback [35]. The study of kisspeptin in fish is still in its early stages, though it is becoming a very 
active research field.  
 
Photoperiod and reproduction  
Fish reproductive physiology shows an extraordinary close adaptation to the cyclical variations of the environment; 
fish synchronize their spawning to the period of the year most favourable for the survival of progeny. Accordingly, 
fish have developed predictive mechanisms using photoperiod as a reliable environmental cue (proximal factor) to 
anticipate and activate gametogenesis long before spawning [9]. The period of reproduction of most temperate 
commercial fish species important for aquaculture is restricted to only a few months of the year, when the most 
appropriate environmental conditions are found; this guarantees the best chances of progeny survival. However, the 
restriction of reproductive activity to a short annual window is a problem for fish farmers that rely on yearlong 
supply of juveniles to satisfy an increasing demand in fish. Early maturation during on growing is another major 
bottleneck leading to losses due to deterioration of flesh quality, external appearance and poor growth performances. 
Consequently, based on the basic understanding of the circadian axis and photoperiodic entrainment of reproduction, 
regimes have been developed with great success to manipulate the natural circannual rhythm of spawning in many 
temperate fish species. Importantly, photoperiod could also be used to improve reproductive performances in 
tropical fish species although these species do not experience significant annual photoperiodic changes in their 
natural habitat [12]. Compression or extension of the seasonal light cycle results in spawning advance or delay, 
respectively, in salmonid species [9]. Similarly, the time of first sexual maturation can also be modified by 
photoperiod manipulations in teleosts. In salmonids, it is now evident that the decreasing and increasing components 
of the seasonally changing day-length are responsible for the recruitment of fish into gonadogenesis and 
reproduction, respectively [23]. 
 
Melatonin, a time-keeping molecule in fish 
Melatonin is a common output signal of the vertebrate circadian clock which is produced primarily by the pineal 
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organ and released into the blood stream [24].  Melatonin  is  also  synthesized  in  the  retina  and  has  been  
detected  in  the gastrointestinal tissues [6]. There is evidence indicating  that  pineal  melatonin  contributes  
largely  to  the  circulating  plasma  and cerebrospinal fluid (CSF) levels [81], whereas ocular melatonin serves local 
functions in an autocrine/paracrine mode. The role of melatonin is still not elucidated in fish, it can act on reproduction 
in seasonal breeders, be involved in the regulation of circadian rhythms (including locomotor activity, body 
temperature and feeding) amongst other suggested roles [60,91]. However, crucially, direct evidences of melatonin 
actions are still lacking in fish [24, 48] as opposed to higher vertebrates (mainly mammals) where clear links 
between reproduction and melatonin have been reported [1]. Retinal melatonin acts primarily within the eye, where 
it is involved in the control of rhythmic processes, such as retinomotor movements, dopamine synthesis, release 
and metabolism, rod outer segment discs shedding and phagocytosis[91]. 
 
  In mammals, however, the pineal gland is the only organ capable of synthesizing melatonin, and hence its removal 
completely abolishes the melatonin rhythm. In fish, the retinacan also synthesize melatonin, which could explain why 
pinealectomy diminishes, but does not abolish, the daily rhythm of melatonin in the blood in some species, but these 
melatonin levels are not significant and will not effect blood stream concentration [9]. The retinal melatonin 
production profile of 32 teleosts has been studies  and classified into three types; First is normal profiles, which is 
parallel with the pineal releasing the melatonin hormone during the dark phase (24 out of 32 species); Second is 
reversed profile with higher levels of melatonin during the light phase (Four species; common mummichog, European 
sea bass, Nile tilapia and torafugu); In Third type profile no significant differences in  daily  melatonin  profile 
(Four species;  Japanese  eel,  Japanese  sea  perch,  Japanese amberjack, and Kusafugu). These differential patterns 
of retinal melatonin production can be explained by differences in the molecular machinery responsible within 
photoreceptor cells for melatonin production and regulation [24] 
 
In almost all species studied to date, pineal melatonin levels have been shown to increase during the night and 
remain low during the day, thus reflecting the prevailing photoperiod throughout the seasons [9, 24]).Although 
the pattern of production is conserved across all vertebrates (high at night/low during the day), three variants have 
been identified. The most common profile, C-type, is characterised by a rapid rise in melatonin immediately following 
the onset of the dark period (within the first hour of darkness) and is commonly found in migratory salmonids 
and other teleosts as well as higher vertebrates such as domestic cat, Djungarianhamster and sheep [65, 67].  A-type 
profiles are characterised by a delay after the start of the dark phase before melatonin rises to its peak towards the endof 
the dark phase. This was observed in gadoid species such as Atlantic cod and haddock as well as mouse and 
Syrian hamster [17, 62, 67]. Finally, B-type profiles are characterised by a discrete peak in the middle of the 
dark phase as observed in Mozambique tilapia and human [53 67]. The meanings of these different profile types are 
not understood but might be linked to an ability or inability to anticipate photic signals under the control of 
circadian clocks [67].  
 
The production of melatonin by the pineal gland in a given fish species might also be  correlated to the amount and 
spectral quality of the light reaching the pineal photoreceptors  depending on the degree of absorbance of the skin 
and skull.  The amount and quality of  light that crosses the pineal window varies from one species to another [34, 
51]. Differences in light penetration through the skull range from 1 to 8%  of simulated daylight in Atlantic salmon 
and sea bass and long wavelengths (650-700 nm)  are far more effective at penetrating the skull than shorter 
wavelengths (400-450 nm) [51]. In terms of melatonin production the threshold of light intensity  above which 
melatonin is suppressed depends on the species, experimental conditions, light quality and duration [51, 58].  
 
All these findings have led researchers to suggest that a threshold value of light  intensity and water quality 
(such as salinity) must exist in order to influence physiological functions in fish. Recently it has been that the light 
intensity threshold for Atlantic salmon to be around 0.016 W.m-2, after allowing for the 2.4% of light lost 
during transmission through the cranium. Importantly, large species specific differences were observed with cod, 
for example, being up to 10,000 times more sensitive than salmon [51].  
 
Melatonin Biosynthesis  
The biosynthesis of melatonin and other indoles occurs in photoreceptor cells. The general mechanism of 
biosynthesis of melatonin in fish appears to be identical to that in mammals [10]. The pineal gland takes up 
tryptophan selectively from the blood [25] and utilizes the amino acid in the synthesis of melatonin and other 
indoles. The first step is the conversion of tryptohpan to 5-hydroxytryptophan, by tryptophan hydroxylase (TPOH) 
enzyme. 5-hydroxytryptophan is decarboxylated by the aromatic amino acid decarboxylase to produce serotonin or 
5-hydroxytryptamine, which in the pineal gland may undergo different metabolic pathways: (a) oxidative 
deamination by monoamine oxidase (MAO-A and MAOB) to produce 5-hydroxyindole acetaldehyde, which in turn 
may be converted to 5-hydroxyindole acetic acid or 5- ydroxytryptophol; and (b) N-acetylation by  
Nacetyltransferase (NAT) to produce N-acetylserotonin, which in turn is methylated by hydroxyindole-O-methyl 
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transferase (HIOMT) to produce N
been detected in the pineal photoreceptor cells in pike.  The HIOMT
cone-like photoreceptors in the fish [27]
 

 
Regulation of melatonin production
Light acts on photoreceptor cells of the pineal organ and retina, which allows synchronization of their internal 
molecular clocks. Light might also impact on other possible photosensitive and circadian structures in the ventral 
diencephalon (POA and hypothalamic area) and peripheral organs. In response to the photoperiodic information, the 
retina and the pineal organ elaborate two types of rhythmic information. The neural information (blue arrows) from 
the retina and pineal organ reach the ventral diencepha
respectively. This information provides an indication of day length, as well as of subtle variations in ambient 
illumination. The hormonal information is 
season. In  the  retina,  melatonin  is  an  autocrine  and/or  paracrine  factor,  which  is metabolized locally. Pineal 
melatonin is released into the cerebrospinal fluid and blood, and acts on specific targ
In the hypothalamus, melatonin might contribute to synchronizing the activities of circadian oscillatory units [SCN 
and others and modulating the production of pituitary gland releasing factors. Melatonin receptors have been 
identified in areas that impact on pituitary function, including the POA, which also receives nervous input from both 
the pineal organ and the retina. Melatonin impacts on the pituitary gland itself to modulate the production of 
hormones. 
 
All teleost species have been shown 
to the day/night cycle [7] although photo
Furthermore, both in vitro [51] and in vivo 
with the irradiance of the incident light. It is thought that plasma melatonin may 
define the response of biological functions in fish to 
electrophysiological studies have described the luminance and chromatic response of the pineal gland 
better knowledge of such light requirements for melatonin regulation is needed especially regarding the quality of 
the light, as the aquaticenvironment acts as a potent filter significantly modifying spectrum and intensity. 
 
Other factors may affect melatonin production, studies have shown that temperature 
modulate melatonin secretion, through the regulation of 
correlation between the peak of AANAT2 response and the fish optimal physiological temperature (trout: 
pike: 20°C, sea bream: 27°C, zebrafish: 30°C), (ii) the response to temperature is an 
itself, because the same response curves were obtained when activities were measured from cultured pineal organ 
homogenates or recombinant AANAT2 enzymes. In the pike, temperature had no effect on the phase and period of 
the circadian rhythm). In vitro, it has been 
melatonin rhythm was expressed at 19°C up to
in the white sucker, pineal gland by 
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transferase (HIOMT) to produce N-acetyl-5- methoxytryptamine or melatonin. Monoamine oxidase activity has 
been detected in the pineal photoreceptor cells in pike.  The HIOMT-like immunoreactivity was associated with the 

the fish [27]. 

 
Fig: 2 Melatonin biosynthesis process 

egulation of melatonin production 
Light acts on photoreceptor cells of the pineal organ and retina, which allows synchronization of their internal 
molecular clocks. Light might also impact on other possible photosensitive and circadian structures in the ventral 

alamic area) and peripheral organs. In response to the photoperiodic information, the 
retina and the pineal organ elaborate two types of rhythmic information. The neural information (blue arrows) from 
the retina and pineal organ reach the ventral diencephalon through the retinohypothalamic and the pineal tracts, 
respectively. This information provides an indication of day length, as well as of subtle variations in ambient 
illumination. The hormonal information is relayed by melatonin the production of which
season. In  the  retina,  melatonin  is  an  autocrine  and/or  paracrine  factor,  which  is metabolized locally. Pineal 
melatonin is released into the cerebrospinal fluid and blood, and acts on specific targets through melatonin 
In the hypothalamus, melatonin might contribute to synchronizing the activities of circadian oscillatory units [SCN 
and others and modulating the production of pituitary gland releasing factors. Melatonin receptors have been 

that impact on pituitary function, including the POA, which also receives nervous input from both 
the pineal organ and the retina. Melatonin impacts on the pituitary gland itself to modulate the production of 

All teleost species have been shown to have photosensitive pineal glands which  produce melatonin according 
although photo-responsiveness has recently been questioned in Mozambique tilapia 

and in vivo [58] studies have demonstrated that melatonin synthesis varies inversely 
with the irradiance of the incident light. It is thought that plasma melatonin may have threshold levels, which 
define the response of biological functions in fish to environmental influences 
electrophysiological studies have described the luminance and chromatic response of the pineal gland 
better knowledge of such light requirements for melatonin regulation is needed especially regarding the quality of 

environment acts as a potent filter significantly modifying spectrum and intensity. 

Other factors may affect melatonin production, studies have shown that temperature  acts directly on the pineal organ to 
on, through the regulation of  AANAT2 activity [5, 25, 27] Interestingly, (i) there is a good 

the peak of AANAT2 response and the fish optimal physiological temperature (trout: 
pike: 20°C, sea bream: 27°C, zebrafish: 30°C), (ii) the response to temperature is an intrinsic property of the enzyme 
itself, because the same response curves were obtained when activities were measured from cultured pineal organ 

AANAT2 enzymes. In the pike, temperature had no effect on the phase and period of 
it has been demonstrated in pikepineal glands cultured at different temperatures, that a 

melatonin rhythm was expressed at 19°C up to 30°C but not at 10°C or 15°C[27]. A similar effect was also reported 
sucker, pineal gland by [90]. Closer examination in relation to acclimation temperature prior to 
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methoxytryptamine or melatonin. Monoamine oxidase activity has 
like immunoreactivity was associated with the 

 

Light acts on photoreceptor cells of the pineal organ and retina, which allows synchronization of their internal 
molecular clocks. Light might also impact on other possible photosensitive and circadian structures in the ventral 

alamic area) and peripheral organs. In response to the photoperiodic information, the 
retina and the pineal organ elaborate two types of rhythmic information. The neural information (blue arrows) from 

lon through the retinohypothalamic and the pineal tracts, 
respectively. This information provides an indication of day length, as well as of subtle variations in ambient 

melatonin the production of which reflects day length and 
season. In  the  retina,  melatonin  is  an  autocrine  and/or  paracrine  factor,  which  is metabolized locally. Pineal 

ets through melatonin receptors. 
In the hypothalamus, melatonin might contribute to synchronizing the activities of circadian oscillatory units [SCN 
and others and modulating the production of pituitary gland releasing factors. Melatonin receptors have been 

that impact on pituitary function, including the POA, which also receives nervous input from both 
the pineal organ and the retina. Melatonin impacts on the pituitary gland itself to modulate the production of 

produce melatonin according 
recently been questioned in Mozambique tilapia [53]. 

studies have demonstrated that melatonin synthesis varies inversely 
have threshold levels, which 
nces [9, 51]. Although some 

electrophysiological studies have described the luminance and chromatic response of the pineal gland [11, 21], 
better knowledge of such light requirements for melatonin regulation is needed especially regarding the quality of 

environment acts as a potent filter significantly modifying spectrum and intensity.  

acts directly on the pineal organ to 
Interestingly, (i) there is a good 

the peak of AANAT2 response and the fish optimal physiological temperature (trout: 12°C, 
intrinsic property of the enzyme 

itself, because the same response curves were obtained when activities were measured from cultured pineal organ 
AANAT2 enzymes. In the pike, temperature had no effect on the phase and period of 

pineal glands cultured at different temperatures, that a 
. A similar effect was also reported 
acclimation temperature prior to 
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experimentation showed melatonin release was lower from pineals incubated at 20°C when the fish had been 
previously acclimated to 10°C. Thus, the concurrent action of photoperiod, that determines the duration of the 
melatonin signal, and of temperature, that determines its amplitude, is thought to provide accurate definitions of 
both the daily and annual cycles. Any changes in temperature, related to husbandry conditions or global 
warming, may thus have dramatic consequences on the time-keeping system of fish.  
 
Feeding was shown to synchronize patterns of behaviour (i.e. locomotor) and physiology in different fish 
species [2, 72] However, importantly, in mammals, light and feed entrainable oscillators are suggested to be 
independent [49]. To our knowledge, in fish, no evidence of feeding entrainment affecting the melatonin 
synthesis rhythm system has yet been found. 
 
Arylalkylamine N-Acetyltransferase (AANAT): Melaton in Rate-Limiting Enzyme  
In order to better understand the melatonin synthesis pathway, activities of HIOMT and AANAT enzymes were 
investigated in different species. An increase in melatonin production at night reflects increased AANAT 
activity and termination of melatonin production during the day reflects proteasomal degradation of the enzyme 
[21].  Therefore the AANAT is commonly known to be the melatonin ratelimiting enzyme of the melatonin 
biosynthetic pathway [41, 78].  On the other hand, HIOMT enzyme synthesis does not exhibit any significant 
rhythmic changes throughout the 24-hr period [41, 70]suggested that HIOMT might be implicated in seasonal, 
rather than daily, oscillations in melatonin production. Different types of AANAT have been found in mammalian 
and non mammalian species. Only one type is present in mammals, bird and anurans, called AANAT, while 
there are at least three homologenous genes in teleosts localized between the retina (AANAT-1a and 
AANAT1b) and the pineal (AANAT2) [16]. 
 
Cyclic adenosine monophosphate (cAMP) is a second messenger that is important in many biological processes. 
cAMP is derived from adenosine triphosphate (ATP) and used for intracellular signal transduction in many 
different organisms. cAMP is an important signal carrier that is necessary for the proper biological response of 
cells to hormones and other extracellular signals [41]. It is required for cell communication in the 
hypothalamus/pituitary gland axis and for the feedback control of hormones. In melatonin synthesis, cAMP 
plays a central role in regulating through effects on AANAT activity through the pineal organs which 
accumulate cAMP (only in the presence of forskolin enzyme) during the dark phase [16]. 
 
Light exposure during the scotophase suppresses AANAT activity and melatonin  synthesis.  However,  
unexpected  periods  of  darkness  during  the  light  phase  do  not  necessarily induce a rise in AANAT activity [25]. 
The effects of light,however, depend on the time of application at night [29]. Light pulses given before mid-
scotophase of a 24 hr LD cycle induce a rise in AANAT activity later than expected following the scotophase in rat 
[38]. The rise in AANAT activity is advanced when the light pulse is applied after the mid scotophase. In addition, 
melatonin synthesis responds differently to variations in light intensity and temperature [9, 62]. Melatonin 
levels are directly correlated with light intensity [34, 51] with increased light intensity reducing levels of plasma 
melatonin. Plasma melatonin synthesis was shown todecrease proportionally with increasing light intensities in 
juvenile Atlantic salmon. Even with dark phase levels as low as 20 lux, significant differences were found between 
light and dark phase melatonin levels [62]. On the other handtemperature was shown to directly affect 
melatoninsecretion in ectothermic species [27].  In juvenile Atlantic salmon, melatonin levels were higher in groups 
maintained at 12◦C compared with groups maintained at 4◦C in [62].Similar results were found in pike and rainbow 
trout with greater amplitude of secretion at increased temperatures[65]. However, the mechanism behind temperature-
dependent melatonin production is thought to occur at an early stage in its biosynthetic pathway. It was shown 
that the forskolin enzyme, which induced cAMP formation, then regulates N-acetyltransferase(AANAT) 
production which in turn controls the synthesis of melatonin, is temperaturedependent [80, 89]. 
 
Melatonin and Reproduction  
The importance of melatonin as the most critical candidate involved in the mediation of photic effects on piscine 
reproduction has been emphasized in several studies. Melatonin is important in controlling the reproductive 
seasonality by stimulating the final stages of sexual maturation and by synchronizing the oocyte maturity with 
optimal timing of spawning [61]. Melatonin has also been found to affect estradiol levels in mature carp females 
[59] and to indirectly influence the GtH II secretion via hypothalamic stimulatory (GnRH) centers[61]. In Atlantic 
croaker, Micropogonias undulates, melatonin influences LH secretion directly at the pituitary level and indirectly at 
the brain level [61]. Melatonin has been considered as one of the candidates that mediate the transduction of 
photoperiodic information to the brainpituitary-gonad axis in gonadal maturation of precocious male masu salmon.. 
But the mechanism by which melatonin performs this function remains speculative. 
 
Many studies have studied the role of melatonin (plasma levels or receptors) in reproduction. Such studies involved 
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the removal of the source(s) of melatonin through ophthalmectomy (EX) and/or pinealectomy (PNX) and/or 
administration of exogenous melatonin [48]. 
 
The pinealectomy (PNX) in male Atlantic salmon parr abolished the nocturnal rise in melatonin but failed to alter the 
timing of early maturation [46]. Similarly, it failed to inhibit daily gonadotropin cycling in common carp [61]. In 
contrast, in the female rainbow trout, PNX performed during the summer resulted in a delay in spawning relative to 
controls suggesting that in this case the pineal was necessary for the entrainment of the final reproductive stages which, 
in part, is normally brought about by the decreasing daylengths and subsequently increased daily duration of melatonin 
secretion [9].  Following PNX and EX, Ayu still became sexually mature under SD photoperiods while under LD did not 
[45]. Clearly these findings draw parallels with the avian model and suggest that, at least in these species, some form of 
deep brain photoreceptors are responsible for photic entrainment of reproduction which needs to be more thoroughly 
investigated. The response to direct melatonin administration has been variable though evidence for its involvement in 
reproduction as part of a complex regulatory network is becoming clearer. The stronger evidence was recently found by 
[75] who showed that melatonin can stimulate the dopaminergic system of the preoptic area, which is involved in the 
inhibitory control of gonadotropin (LH and FSH) synthesis and release. Earlier studies have shown that injection of both 
male and female goldfish with melatonin can reduce gonadal development induced by long-day conditions known to 
cause gonadal stimulation [31].Intraperitoneal injections of melatonin in mature Atlantic croaker during the late 
photophase elicited significant elevations in plasma GtH II (LH) levels. In contrast, injection of rainbow trout female 
with melatonin failed to impact on their reproductive seasonality [65] thus perhaps the effect of PNX on reproduction in 
this species, as described above, was via a non melatoninergic pathway. Thus it must be concluded that melatonin can 
influence the BPG axis, owever, its functions are apparently dose dependent and can clearly operate at different levels 
within the cascade. 
 

CONCLUSION 
 

It is widely accepted that melatonin is a much conserved feature that plays a central role in the entrainment of daily and 
annual physiological rhythms in vertebrates. Over the last decades, a large amount of research has been carried out in 
fish, particularly teleost; to unravel the puzzling roles melatonin plays and characterizes inter-species differences. As a 
result, the picture is becoming much clearer as regards the control of the melatonin synthesis (limiting enzyme AANAT, 
connection/projection, etc.) and the identification of target tissues, neurons and cells (melatonin receptor expression and 
localization). However, investigations on the relationships between the pineal organ and melatonin on the one hand, and 
the neuroendocrine system on theother hand are just at their beginnings, and only few direct evidences exists on how 
melatonin acts on the brain-pituitary-gonadal axis. Nevertheless, it seems more and more evident that the time-keeping 
hormone impacts directly or indirectly on the production of brain and pituitary hormones, thus affecting time regulated 
functions, including feeding, growth, reproduction and immunity.More studies are necessary to unravel the regulatory 
processes activated by melatonin on a daily and annual basis. 
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