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PREFACE 

The pineal is present in all groups of vertebrates (Vollrath, 1981; Cassone et 

al., 1986; Falcon et al., 1989; Serino et al., 1993; Tosini and Menaker, 1996). The 

mammalian pineal has evolved from the photoreceptor cells which developed 

capabilities to synthesize melatonin. The mammalian pineal is composed of 

specialized epithelial cells called pinealocytes. However, the pineal of non­

mammalian vertebrates is composed of either only photoreceptor cell (e.g., pineal of 

fishes, amphibians and reptiles) or of both photoreceptors and rudimentary 

photoreceptors (e.g., avian pineal) (Vollrath, 1981; Bernard et al., 1997; Natesan et 

aI., 2002). The mammalian pineal has lost the capacity to respond to light directly 

(Korf et aI., 1998; Gupta et al., 2005). In lower vertebrates, however, the pineal 

organ responds to changes in the environmental factors in general and to photoperiod 

in particular. Unlike mammalian pineals, the pineal organ of sub-mammalian 

vertebrates responds to light directly (Gupta and Premabati, 2002). In all vertebrates, 

the pineal produces its hormone melatonin in a rhythmic manner, and the diurnal 

rhythm of melatonin is primarily regulated by the light-dark cycle. The rate of 

melatonin synthesis is minimum during the daytime (light phase) and maximum 

during the night time (dark phase) (Binkley et al., 1981; Vollrath, 1981; Falcon et 

al., 1987; Morton and Forbes, 1988; d'Istria et al., 1994; Lutterschmidth et aI., 

2002). This is mainly due to photoperiod-dependent cyclicity in the activity of the 

rate limiting enzyme called arylalkylamine N-acetyltransferase (AA-NAT) present in 

the pineal of all vertebrates. As in other vertebrates, melatonin production in the fish 
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pineal is regulated by the light-dark cycle and it is also influenced by the 

environmental temperature (Max and Menaker, 1992; Zachmann et aI., 1992; 

Samejima et al., 2000). 

The pineal hormone melatonin regulates and/or modulates a wide range of 

vertebrate physiology. Melatonin is involved in the regulation of circadian and 

circannual rhythms, reproductive cycles, growth, metabolism, metamorphosis etc. in 

vertebrates (Vollrath, 1981; Bubenik et al., 1998; Reiter and Maestroni, 1999; Gupta 

and Premabati, 2002). Melatonin is the most physiologically active indole derivative 

of the fish pineal, and produces prominent effects on pigmentation (Joss, 1973) 

reproductive system (Garg, 1989), locomotor activity (Garg and Sundararaj, 1986; 

Morita et al., 1989), growth and metamorphosis (Eddy, 1969), pituitary (de Vlaming 

. 
and Vodicnik, 1977), interrenal function (Vollrath, 1981) and adrenal (Agha and Joy, 

1989). 

The melatonin biosynthesis pathway and enzymes involved in melatonin 

synthesis in the fish pineal are the same as in mammalian pineal (Vollrath, 1981; 

Gupta and Premabati, 2002). Tryptophan is the precursor of melatonin synthesis. In 

the photoreceptors of the fish pineal, tryptophan is first converted to 5-

hydroxytryptophan by the enzyme tryptophan hydroxlase, and then 5-

hydroxytryptophan is converted to 5-hydroxytryptamine or serotonin by the enzyme 

aromatic L- amino acid decarboxylase. Arylalkylamine N-acetyItransferase (AA-

NAT) acts as the rate-limiting enzyme of melatonin synthesis pathway in fish pineal, 
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and catalyses the conversion of serotonin to N-acetylserotonin (Klein et ai., 1997; 

Klein, 1999). The presence of AA-NAT enzyme has been reported in a number of 

piscine species (Morton and Forbes, 1988; Begay et ai., 1998; Coon et ai., 1999; 

Benyassi et ai., 2000, 2001). The enzyme hydroxyindole-O-methyltransferase 

(HIOMT) present in the photoreceptors finally converts N-acetyl serotonin to 

melatonin (Hafeez and Quay, 1970; Morton and Forbes, 1988). 

Hormones are essential constituents of the inter-cellular communication 

system that maintains homeostasis in higher organisms, and play a vital role in 

general adaptation in ever changing environment. Although the parallel diurnal 

rhythms of arylalkylamine N-acetyltransferase (AA-NA T) and melatonin are 

primarily regulated by the light-dark cycle and environmental temperature, there are 

several reports regarding the role of hormones in the regulation of AA-NAT activity 

in mammals (Yuwiler, 1989; Saidapur et ai., 1991; Okatani et ai., I 998a,b; 

Hernandez-Diaz et ai., 2001) and birds (Zawilska and Iuvone, 1989; Zawilska and 

Sadowska., 2002). It has been reported that gonadal steroids modulate melatonin 

secretion in mammals (Saidapur et al., 1991; Luboshitzky et ai., 1995; Redins et ai., 

1999; Martin and Touitou, 2000). Testosterone has been reported to play an 

inhibitory role on pineal activity in rats (Luboshitzky et ai., 1995; Redins et 01., 

1999). The inhibitory effect of estrogens on melatonin synthesis has also been 

reported in mammals (Okatani et 01., 1997; Kus et 01., 2002). However, there is 

particularly no information on the influence of gonadal steroids on pineal AA-NAT 

activity in any sub-mammalian vertebrates in general and in the fishes in particular. 
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Glucocorticoids have been found to inhibit melatonin production in a number of 

vertebrate species (Yuwiler and Brammer, 1981; Yuwiler, 1989; Benyassi et aI., 

2001; Zawilska and Sadowska, 2002). There are also reports on the role of 

indoleamines on pineal AA-NAT activity in mammals (Freire and Cardinali, 1975; 

Illnerova et al., 1989; Redins et al., 2001). Serotonin acts not only as an intermediate 

compound for melatonin synthesis but also plays a stimulatory role in melatonin 

synthesis in the mammalian pineal gland (Sterado et al., 2000). Similarly, melatonin 

has also been reported to increase AA-NAT activity in the rat pineal (Freire and 

Cardinali, 1975). The presence of various indoleamines has been reported in the fish 

pineal (Meiniel and Hartwig, 1980; Yanez and Meissl, 1996; Gupta and Premabati, 

2002; Ceinos et al., 2005). However, there is no information on the role of 

indoleamines on the pineal AA-NAT activity or melatonin synthesis in any fish 

species. 

Leptin is a newly recognized hormone produced mainly by adipose tissues 

and also by other organs like placenta, gastrointestinal tract etc. (Prolo et al., 1998). 

Leptin is involved in the regulation of food intake, energy balance, body 

temperature, basal metabolic rate, oxidative metabolism etc. (Liefers et al., 2002; 

Nieminen et al., 2000). Leptin secreted by adipose tissue provides a feed back signal 

informing the central nervous system about the energy reserves of the body stored as 

fat. The expression of leptin receptor in ectotherm has been reported and the peptide 

structure of fish leptin is similar to that of mammalian leptin (Johnson et al., 2000; 

Yaghoubian et al., 2001). Since lipid content of the fish exhibits a circannual rhythm 
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with low body lipid during winter and high lipid content during the breeding 

phase/summer and rainy seasons (Singh and Singh, 1984; Shirai et aJ., 2001), there is 

a possibility that circannual rhythmicity in leptin concentration may influence AA­

NAT activity and melatonin synthesis in fish species. But so far there is no 

information on pineal-Ieptin interrelationship in ectothermic vertebrates or on the 

influence of leptin on AA-NAT activity and/or melatonin synthesis. 

Keeping in view the scarcity of information on the role of hormones in the 

regulation of AA-NAT activity on fish pineal, it was decided to undertake a 

comprehensive study on in vitro effects of gonadal steroids, corticosteroids, 

indoleamines and leptin on the activity of the rate limiting enzyme, arylalkylamine 

N-acetyltransferase (AA-NAT) in an air-breathing exotic catfish, Clarias gariepinus. 

The present Ph. D. dissertation has been divided into four chapters. A brief 

introduction of each chapter has been given in the following sections. 

Chapter 1 - Materials and methods 

This chapter deals with the details of materials and methods used for this 

Ph. D. dissertation. It incorporates description of the experimental animal, 

maintenance of the experimental fishes, tissue culture of the fish pineal, mode of 

treatments, methods used for measuring the pineal AA-NAT activity and the 

biostatistical methods used for analyzing the Data. 
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Chapter 2 - In vitro effects of gonadal steroids and corticosteroids on arylalkyl­

amine N-acetyltransferase (AA-NAT) activity in the fish pineal 

during different phases of the breeding cycle 

This chapter deals with the study of in vitro effects of different 

concentrations of androgen (testosterone), estrogens (l7-P estradiol, estriol and 

estrone) and corticosteroids (corticosterone and cortisol) on pineal AA -NAT activity 

in the fish maintained under natural climatic conditions during quiescent, 

progressive, breeding and regressive phases of the annual breeding cycle. 

Chapter 3 - In vitro effects of indoleamines and leptin on arylalkylamine 

N-acetyltransferase (AA-NA T) activity in the fish pineal during 

different phases of the breeding cycle 

This chapter deals with in vitro effects of different concentrations of 

5-hydroxytryptophan, serotonin, N-acetylserotonin and melatonin on pineal 

AA-NA T activity in the fish maintained under natural climatic conditions during 

quiescent, progressive, breeding and regressive phases of the annual breeding cycle. 

This chapter also deals with in vitro effects of different doses of leptin on pineal 

AA-NA T activity in fed and fasted groups of fishes maintained under natural 

climatic conditions during winter and summer seasons. 

Chapter 4 - Summary and conclusions 

This chapter incorporates the summary of major findings of the Chapter 1, 

Chapter 2 and conclusions derived from the findings of the Ph. D. dissertation. 
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This study seems to be the first of its kind in which in vitro effects of various 

honnones on AA-NAT activity has been studied in the photoreceptive pineal of a 

fish species. Findings of the present study clearly suggest that AA-NAT activity and 

melatonin synthesis in the pineal of Clarias gariepinus are regulated jointly by a 

number ofhonnones. 
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INTRODUCTION 

The pineal is present in all groups of vertebrates (Vollrath, 1981; Cassone et 

ai., 1986; Falcon et ai., 1989; Serino et ai., 1993; Tosini and Menaker, 1996). The 

mammalian pineal has evolved from the photoreceptor cells which developed 

capabilities to synthesize melatonin (Klein, 2006). The mammalian pineal is 

composed of specialized epithelial cells called pinealocytes. However, the pineal of 

non-mammalian vertebrates is composed of either only photoreceptor cell (e.g., 

pineal of fishes, amphibians and reptiles) or of both photoreceptors and rudimentary 

photoreceptors (e.g., avian pineal) (Vollrath, 1981; Bernard et ai., 1997; Natesan et 

ai., 2002). The mammalian pineal has lost the capacity to respond to light directly 

(Korf et ai., 1998; Gupta et al., 2005). In lower vertebrates, however, the pineal 

organ responds to changes in the environmental factors in general and to photoperiod 

in particular. Unlike mammalian pineals, the pineal organ of sub-mammalian 

vertebrates responds to light directly (Gupta and Premabati, 2002). In all vertebrates, 

the pineal produces its hormone melatonin in a rhythmic manner, and the diurnal 

rhythm of melatonin is primarily regulated by the light-dark cycle. Melatonin acts as 

a pineal hormone and regulates/modulates a wide range of vertebrate physiology. In 

mammals, melatonin is involved in regulation of circadian, and circannual rhythms, 

reproductive cycles, immune system, metabolism etc. (Vollrath, 1981; Reiter and 

Maestroni, 1999; Pevet, 2000). In birds, the pineal showed cyclical patterns relative 

to environmental factors, which are correlated with plasma melatonin. Changes in 
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environmental factors promote annual variations in adrenal and gonadal activity in 

birds, probably by modulating the pineal gland (Sudhakumari et a/., 2001). 

Melatonin is considered to be the most physiologically active indole 

derivative in fishes. Depending on the time of the year, stage of the reproductive 

cycle and the photoperiod-temperature regime to which the fishes are exposed, 

melatonin either stimulates or inhibits gonadal maturation (Garg, 1989). 

Administration of melatonin has been reported to increase the size of gonadrotropic 

cells in Carassius auratus (Fenwick, 1970) and to reduce the number of 

gonadotorphs in Heteropneustes fossilis (Sundararaj and Keshavanath, 1976). 

Melatonin treatment also inhibited gonadal maturation in Salmon (Amano et a/., 

2004). Administration of melatonin may induce pigment aggregation, pigment 

dispersal or may have no effect on melanophores (Hafeez, 1970). Pinealectomy 

abolished day-night change in body color of the blinded rainbow trout, probably by 

suppressing blanching at night (Hafeez and Quay, 1970). Pinealectomy has also been 

reported to cause darkening of the body color in other Salmonides (Hoar, 1955). It 

has been reported that the ovarian weight of pinealectomized fish is significantly 

reduced as compared to that of intact fish maintained under continuous light or 

natural daylight (Urasaki, I 972a). These findings suggest that the pineal organ 

stimulates gonadal growth under continuous illumination, while it inhibits gonadal 

activity under continuous darkness or short photoperiod (Urasaki, 1972b). It has been 

reported in lamprey that light information perceived by the pineal is transmitted to 

the central nervous system and contributes to the control of the locomotor activity 
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rhythm (Garg and Sundararaj, 1986; Morita et al., 1989). The pineal gland has also 

been reported to play an important role in the appearance of a circadian rhythm in the 

daily shifts of a fish's activity (Kavaliers, 1981; Tabata et aI., 1988). Melatonin 

reportedly produces prominent effects on growth and metamorphosis (Eddy, 1969), 

pituitary (Vollrath, 1981), thyroid (Nayak and Singh, 1987), adrenal (Agha and Joy, 

1989), interrenal function (Vollrath, 1981) etc. The significant influence of the pineal 

and melatonin on pigmentation, gonadal activity, breeding cycle, metamorphosis, 

development, endocrine glands, etc. of fish might be of great adaptational value to 

ensure survival under ever-changing aquatic environment for a successful aquatic 

life. 

In all vertebrates, melatonin is synthesized from tryptophan. First, tryptophan 

is converted to 5-hydroxytryptophan by the enzyme tryptophan hydroxylase. Then 

aromatic L-amino acid decarboxylase converts 5-hydroxytryptophan into 5-

hydroxytryptamine (serotonin), which is acetylated to form N-acetylserotonin by the 

enzyme arylalkylamine N-acetyltransferase (AA-NAT). Finally, N-acetylserotonin is 

converted to N-acetyl-methoxytryptamine (melatonin) by the enzyme 

hydroxyindole-O-methyltransferase (HIOMT). In melatonin biosynthetic pathway, 

AA-NAT acts as the rate-limiting enzyme. It is important to mention that all 

enzymes involved in melatonin synthesis have been found to be present in the pineal 

ofaB groups ofvertebrates (Gupta and Spessert, in press). 
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The rate of melatonin synthesis is minimum during the daytime (light phase) 

and maximum during the night time (dark phase) in all vertebrates (Vollrath, 1981; 

Falcon et al., 1987; Morton and Forbes, 1988). This is mainly due to photoperiod­

dependent cyclicity in the activity of the rate-limiting enzyme, AA-NAT present in 

the pineal of all vertebrates (Privat et al., 1999; Gupta et al., 2005; Gupta and 

Spessert, in press). As in other vertebrates, melatonin production in the fish pineal is 

regulated by the light-dark cycle, and it is also influenced by the environmental 

temperature (Max and Menaker, 1992; Zachmann et al., 1992; Samejima et al., 

2000). 

The mammalian pineal is innervated mainly by post ganglionic sympathetic 

nerve fibres. Light stimulates melopsin-containing cells of retina and generates nerve 

impulses, which are transmitted by the optic nerves to the pineal gland via 

hypothalamus and superior cervical ganglia. The nerve endings gets hyper polarized 

due to the impulse generated by the presence of light. Due to hyper polarization, the 

release of norepinephrine (NE) in the pineal gland is inhibited during the light phase. 

With the onset of dark phase, the generation of impulse in the retina is inhibited 

which leads to depolarization in the sympathetic nerve fibres terminating the pineal 

gland. The depolarization in the nerve terminus leads to increased release of 

norepinephrine. The norepinephrine released from the adrenergic nerve terminal acts 

on the pinealocytes and stimulates AA-NAT activity followed by the increased rate 

of melatonin synthesis. 
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As mentioned earlier, melatonin is produced by the pineal in a rhythmic 

fashion with high levels of the hormone during night-time and lowlbasal levels 

during day-time (V 0 Hrath, 1981; Arendt, 1985; Korf, 1999), and the mythmic 

production of melatonin is controlled directly by the diurnal rhythm of activity of 

AA-NAT - the rate-limiting enzyme of melatonin biosynthetic pathway in all groups 

of vertebrates (Coon et 01., 1995; Klein et 01., 1997; Eddy et 01.,2000). The circadian 

rhythm of melatonin synthesis involves three components, i.e., a photodetector, a 

circadian clock and the melatonin synthesizing machinery. The anatomical 

organization of these three components has evolved during the course of evolution. 

In mammals, retina acts as a photodetector and synchronizes a circadian clock 

located in the suprachiasmatic nucleus (SCN) of the hypothalamus, while the 

melatonin synthesizing machinery is located in pinealocytes. The stimulatory and/or 

inhibitory circadian signals from the suprachiasmatic nucleus together with the 

photic information from the retina are conveyed by a multi synaptic pathway from the 

SCN through brain stem, spinal cord, superior cervical ganglia and postganglionic 

sympathetic nerve fibres to the pineal gland to drive the circadian rhythms of AA­

NAT activity and melatonin (Drijthout et 01., 1996; Pevet et 01., 1997; Van Esseveldt 

et 01.,2000). In mammalian pineal, AA-NAT activity is photoperiodically controlled 

via Retina-SCN-SCG-NE-cAMP-PKA-CREB-CRE pathway (Klein, 1999). 

Unlike in mammals, the non-mammalian pineal organ itself contains all the 

components (i.e., photodetector, circadian clock and melatonin forming system) 

essential for melatonin rhythm (Binkley et al., 1978; Deguchi, 1979a; Menaker and 
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Wisner, 1983; Pickard and Tang, 1993, 1994; Cahill, 1996; Bolliet et a/., 1997; 

Gupta and Premabati, 2002). As a result, in non-mammalian pineals the circadian 

rhythm of melatonin synthesis continues under in vitro conditions, and light acts 

directly on these photoreceptive pineals to reset the internal clock and switches 'off 

melatonin synthesis. Recent studies on temperate-zone piscine species indicate that 

diurnal melatonin rhythm in majority ofteleosts is driven by an internal clock, while 

in few species the circadian melatonin rhythm is not clock-driven (Gem and 

Greenhouse, 1988; Max and Menaker, 1992; Thibault et a/., 1993). Induction of aa­

nat gene associated with increased AA-NA T mRNA has been found to be 

responsible for increased AA-NAT activity followed by increased melatonin 

synthesis in clock-driven teleost pineals during night (Begay et al., 1998). 

Attempts have been made by a large number of scientists to investigate the 

pathways involved in the regulation of melatonin synthesis in mammalian and sub­

mammalian pineals. As a result, there is a large body of information on molecular 

components and signal transduction pathways involved in melatonin synthesis in the 

pineal of vertebrates, particularly of mammals (Maronde et al., 1999a; Gupta et ai, 

2005; Gupta and Spessert, in press), birds (Natesan et a/., 2002) and fishes (Gupta 

and Premabati, 2002). A critical review of information available on molecular 

components of regulatory mechanisms and signal transduction pathways responsible 

for melatonin synthesis in the pineal of different groups of vertebrates has been 

presented in the following sections. 
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Regulation of melatonin synthesis in mammalian pineal 

In mammalian pineal, the rate of melatonin synthesis is regulated mainly by 

the primary neurotransmitter NE, which binds to a)- and B-adrenergic receptors 

present on the membrane of pinealocytes and triggers the adrenergic signal 

transduction via cAMP and cGMP in the pineal. As mentioned earlier, a central 

oscillator located in the hypothalamic SCN, which acts as the brain's clock, 

integrates photoperiodic information and precisely drives elevated nocturnal release 

of NE (Van Esseveldt et at., 2000). NE binds to the grooves formed by the 

transmembrane helices of the adrenergic receptors and activates them. The NE­

activated B-adrenergic receptors (B-ARs) stimulate both adenylyl cyclase (AC) and 

cytoplasmic guanylyl cyclase (GC). First, NE-bound B-ARs activate stimulatory G­

proteins (Gs) and facilitate dissociation of a-subunit (Gsa) from the complex of By­

subunits. Then the Gsa binds to, and activates the enzyme AC leading to a 6-10 fold 

increase in cAMP accumulation (Vanecek et at., 1985). The formation of cAMP 

activates a cascade of enzymatic reactions responsible for increased AA-NAT 

activity and melatonin synthesis. Simultaneously, B-ARs-induced activation of Gs 

(Sugden and Klein, 1987; Ho et at., 1989) is also followed by increased nitric oxide 

synthase (NOS) activity and increased production of nitric oxide (NO) by a 

popUlation of pinealocytes and simultaneous diffusion of NO into the cytoplasm of 

adjacent pinealocytes (Spessert et at., 1993; Spessert et aI., 1998). Then NO binds to 

the heme group of cytosolic sGC resulting in its activation and a 24-fold increase in 

cGMP accumulation in pinealocytes (Spessert et aI., 1995). In contrast, the binding 

14 



ofNE to aI-adrenergic receptors (al_ARs) does not have any measurable effects on 

cAMP and cGMP accumulation in pinealocytes. However, simultaneous stimulation 

of al- and J3-ARs results in more than 50-fold increase in cAMP and over 100-fold 

increase in cGMP accumulation (Vanecek et al., 1985; Chik and Ho, 1989). NE­

induced increase in cGMP levels transduce signal via cGMP-Protein kinase G 

(PKG)-mitogen-activated protein kinase (MAPK) pathway. Elevation of intracellular 

Ca2
+ and the enzyme protein kinase C (PKC) play critical roles in aI-adrenergic 

potentiation of J3-adrenergically stimulated cAMP accumulation (Ho et al., 1987; 

Schomerus et al., 2002). Several fold increases in cAMP and cGMP levels lead to 

phosphorylation and activation of protein kinase A (PKA) and PKG, respectively. 

The adrenergic signal transduction via cAMP on one hand leads to induction and 

activation of AA-NAT enzyme that accelerates the process of melatonin synthesis, 

and on the other, stimulates formation of inhibitory transcription factor inducible 

cAMP early repressor (lCER) which inhibits aa-nat gene induction. 

Photic stimulation of the retina leads to activation of melanopsin present in 

retinal ganglion cells and generates neural impulses. These light-induced impulses 

are transmitted via the non-visual retino-hypothalamic tract (RHT) to the SCN - the 

master clock that drives the circadian rhythm of melatonin synthesis in the pineal 

gland. Simultaneously, SCN also receives photic inputs from the intergeniculate 

leaflet (lGL) via geniculate-hypothalamic tract (GHT) and the raphe nuclei (Reuss, 

2003). It is important to mention that SCN generates its own circadian rhythm, and 

the photic inputs from the retina only entrain the endogenous circadian rhythm of 

15 



seN (Gillette and Mitchell, 2002; Stehle et a!., 2003). The SeN generates impulses, 

which regulate the switching 'on' and 'off' of melatonin synthesis by regulating the 

rhythmic secretion of NE in the pineal gland. Based on studies involving 

measurements of melatonin content and aa-nat gene expression following bilateral 

SeN lesions, PVN lesions and SeG removal, it has been proposed that the circadian 

rhythm of melatonin synthesis is regulated by a combination of a constant but weak 

stimulatory and a strong rhythmic inhibitory SeN output to PVN (perreau-Lenz et 

ai., 2003). It has been found that in rats gamma-aminobutyric acid (GABA) release 

from SeN is involved in the light-induced inhibition of melatonin synthesis during 

daytime (Kalsbeek et ai., 1999), and blocking of GABA-ergic transmission from 

seN to PVN increases melatonin synthesis during daytime (Kalsbeek et ai., 2000). 

In other words, during daytime, neural signals originating from the SeN influence 

the sympathetic nerve fibres via PVN-SCG pathway and inhibit the release of NE 

from the sympathetic nerve terminals present in the pineal gland. However, with the 

onset of darkness, SeN withdraws its inhibitory signals resulting in increased 

secretion ofNE in the pineal gland. 

The release of NE marks the switch 'ON' of melatonin synthesis. As 

mentioned earlier, NE acts on pinealocytes via u- and \3-adrenergic receptors and 

activates adenylyl cyclase via Gs and accelerates formation of cAMP. The free 

catalytic subunits of activated PKA are translocated to the nucleus where they 

stimulate phosphorylation of cAMP response element binding protein (eREB). 

Besides PKA activation in the cytoplasm, cAMP may also enter into the nucleus and 
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activate nuclear PKA, which can stimulate CREB phosphorylation. The 

phosphorylated CREB (PCREB) becomes capable of binding to the cAMP response 

element (CRE). The binding of pCREB to CRE leads to the activation of the aa-nat 

gene and formation of the AA-NAT mRNA. Additionally, pCREB also stimulates 

transcription of CREM gene and formation of ICER mRNA. The increase in the 

levels of AA-NAT mRNA is followed by a proportionate increase in the activity of 

the AA-NAT enzyme. The increased activity of the rate-limiting AA-NAT enzyme 

accelerates acetylation of serotonin to N-acetylserotonin, which is followed by 

several fold increase in the rate of melatonin synthesis and release. The stimulatory 

effects ofNE on cAMP and AA-NAT activity are reportedly potentiated by several 

other neurotransmitters [e.g., vasoactive intestinal polypeptide (VIP), 6-sleep 

inducing peptide (DSIP), adenosine, serotonin etc.] that increase cAMP 

accumulation directly or indirectly (Gupta et aI., 1992; Simonneaux and Ribelayga, 

2003). 

Besides cAMP-PKA-CREB-CRE-aa-nat gene-induced increase in AA-NA T 

mRNA and AA-NAT activity, adrenergic stimulation has also been reported to 

switch 'ON' melatonin synthesis by at least four additional mechanisms, which do 

not involve formation of AA-NAT mRNA in the pineal of some mammals like 

ungulates, primates and humans (Klein et ai., 1997; Ganguly et ai., 200 I; Coon et 

al., 2002). These mechanisms are (i) direct cAMP-induced activation of AA-NAT, 

(ii) inhibition of pro teasoma I proteolysis of AA-NAT, (iii) activation and protection 
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of AA-NA T due to complex formation with 14-3-3, and (iv) direct and indirect 

actions ofCa2+ on AA-NAT. 

Unlike rodent pineals where melatonin synthesis increases slowly, there is 

very rapid increase in circulating melatonin levels at the beginning of the dark phase 

in human and some other species (Coon et al., 2002), in which AA-NA T mRNA 

levels exhibit marginal diurnal fluctuations (Klein et al., 1997). Further, while 

AA-NA T activity increased, AA-NAT mRNA levels of bovine pinealocytes were not 

altered following NE treatment (Schomerus et al., 2000). These findings suggest that 

in some mammals, there is an alternative mechanism through which adrenergic 

stimulation of cAMP production stimulates melatonin synthesis without increasing 

de novo synthesis or activity of the AA-NA T protein as estimated in broken-cell 

preparations (Namboodiri et al., 1985). In order to find out whether cAMP can 

switch 'ON' melatonin synthesis without increasing AA-NAT synthesis or AA-NAT 

activity measured under V max-conditions, a cell line (IE7) expressing human NAT 

(hNAT) has been developed. Studies on cAMP regulation in IE7 cells indicate that 

treatment with forskolin, dibutyryl cAMP, isobutylmethylxanthine or isoproterenol 

activate cellular hNA T within intact cells by 8-fold without markedly increasing the 

abundance of AA-NA T protein or AA-NA T activity in broken cell preparations, 

while forskolin, isobutylmethyl-xanthine and isoproterenol stimulate cAMP 

accumulation (Coon et al., 2001). These findings indicate that melatonin synthesis 

can be switched 'ON' by cAMP without increasing AA-NA T protein. 
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In mammals whose AA-NAT mRNA levels exhibit marginal or no diurnal 

fluctuation, cAMP stimulates accumulation of the AA-NA T protein during the night 

by affecting post-transcriptional processes. In these species, cAMP-dependent 

inhibition of proteasomal proteolysis of AA-NAT protein following adrenergic 

stimulation seems to playa dominant role in nocturnal switching 'ON' of melatonin 

synthesis (GasteJ e/ a!., 1998; Fleming e/ aI., 1999). In the bovine pineal, inhibition 

of proteasomal proteolysis of AA-NA T alone has been found to increase the enzyme 

activity by increasing AA-NAT protein levels by five- to ten-fold that may be 

responsible for switching 'ON' melatonin synthesis (Schomerus et al., 2000). As in 

ungulates and primates, inhibition of proteasomal proteolysis has also been reported 

to increase accumulation of AA-NAT protein and activity in fish pineal 

(Falcon et aZ., 2001). It seems that under unstimulated conditions AA-NAT protein is 

continuously synthesized and immediately degraded by the process of proteasomal 

proteolysis. The adrenergic stimulation of cAMP formation seems to protect 

AA-NAT protein from proteasomal proteolysis resulting in increased accumulation 

of the AA-NAT protein and activity followed by increased melatonin synthesis 

(Klein e/ aJ., 1997; Gastel et aJ., 1998). It has been suggested that the adrenergic 

signal may protect AA-NA T proteolysis via cAMP-dependent phosphorylation of 

two highly conserved AA-NA T PKA sites - the motifs proposed to be destined to be 

degraded by proteasomal proteolysis. Alternatively, the adrenergic signal can protect 

AA-NA T from degradation via cAMP-dependent phosphorylation of other proteins 

involved in targeting AA-NA T for proteasomal proteolysis. As mentioned earlier, 
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adrenergic ally-induced post-translational modification of the existing AA-NA T 

protein seems to playa very critical role in increasing/maintaining AA-NA T activity 

(Klein et al., 2003). Adrenergically regulated cAMP promotes the formation of AA­

NATI14-3-3 complex, which increases the AA-NAT activity and accelerates 

melatonin production by shielding PKA-phosphorylated AA-NAT from 

dephosphorylation and/or proteolysis as well as by decreasing the Km of the enzyme 

for serotonin (Klein et al., 2003). 

Adrenergic stimulation of pinealocytes also leads to influx of Ca.l" from the 

extracellular fluid into the cytoplasm and increased release of the bivalent ion from 

intracellular storage sites (Marin et ai., 1996). The adrenergically increased Cab 

levels are essential for full activation of AA-NAT. The cation binds directly to the 

AA-NAT protein and increases its affinity for serotonin and thereby enhances 

catalytic activity, accelerating melatonin synthesis (Gupta et al., 2005). There are 

also indications that at least a part of the action of Ca2-r indirectly affects steps in the 

induction of AA-NAT activity/melatonin synthesis beyond the accumulation of 

cAMP (Santana et al., 2001). Similar to cAMP-regulated PKA-induced 

phosphorylation of CREB in pinealocytes, Ca2
+ influx has also been found to 

stimulate CREB phosphorylation via PKA-Rapl(Ras-related small G-protein)­

ERKlMAPK pathway (Grewal et al., 2000). Thus, in addition to cAMP as an 

adrenergic second messenger, Ca2
+ also seems to playa critical supportive role in 

adrenergic mechanisms responsible for AA-NA T induction/activation and switching 

'ON' melatonin synthesis. 
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The process of melatonin synthesis in mammalian pineal is turned 'off 

primarily by SCN via a complex mechanism. Under natural conditions, the AA-NA T 

activity and melatonin synthesis decline rapidly in the second half of the dark phase 

(dawn). This decrease in AA-NAT activity and melatonin synthesis takes place 

mainly due to a decrease in SCN-regulated NE release associated with increased 

POE activity and faster turnover of cAMP, decreased PKA activity, increased protein 

phosphatase activity, increased dephosphorylation of pCREB, decreased 

transcription of the aa-nat gene, increased proteasomal proteolysis of AA-NAT, and 

inhibition of the aa-nat gene due to high levels of ICER protein. Acetylcholine 

(ACh) secreted from the parasympathetic nerve fibres of the central pinealopetal 

projection may also counteract the adrenergic stimulation and inhibits melatonin 

synthesis by stimulating glutamate exocytosis (Yamada et aI., 1998a). Glutamate 

acts on pinealocytes via metabotropic glutamate receptors (mGluRs), stimulates 

inhibitory G-protein (Gi) and inhibits cAMP formation by inhibiting adrenergic ally­

stimulated adenylyl cyclase in the rat pineal (Yamada et al., 1998b). All these 

inhibitory pathways, acting separately andlor in combination, terminate the 

adrenergic stimulatory signal, decrease AA-NAT activity and inhibit the process of 

melatonin synthesis in the pineal gland. Though the rhythm of nocturnal release of 

NE is closely regulated by the SCN, the rapid decline in AA-NAT activity and 

melatonin synthesis during the latter half of the dark phase can not be entirely due to 

rhythmic nocturnal decrease in the levels ofNE and cAMP. Several reports suggest 

that ICER plays a crucial role in restricting the amplitude of melatonin rhythm by its 
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inhibitory influence on aa-nat gene transcription and thus may facilitate switching 

'off' the melatonin synthesis. 

The adrenergic signal transduction simultaneously activates both aa-nat gene 

and CREM gene via the ARs - cAMP - PKA - CREB - pCREB pathway. However, 

unlike AA-NAT mRNA levels that attain a peak during the first half of the night 

(dark phase), the observed increase in ICER mRNA levels precedes the decrease in 

AA-NAT mRNA, AA-NAT activity and melatonin synthesis. ICER seems to act as a 

very sensitive natural reporter for stimulated adrenergic pathways in rat pinealocytes, 

and binds directly to CRE element in the AA-NAT promoter and represses 

transcription of the aa-nat gene resulting in decreased activity of AA-NAT and 

inhibition of the rate as well as the amplitude of melatonin synthesis (Foulkes et ai., 

2000; Stehle et al., 2001). It seems that, during the first half of night, the ratio 

between pCREB (stimulatory TF) and ICER (inhibitory TF) in the rat pineal gland is 

in favour of the stimulatory TF due to drastic increase in the concentration of 

pCREB, which overrides ICER protein levels. However, as the duration of the dark 

phase increases, the intra-pineal pool of pCREB declines despite persistent NE 

release. The decrease in pCREB is caused probably due to increased amounts and/or 

activities of protein phosphatases (Maronde et al., 1999b). It has been reported that 

NE-stimulation induces accumulation of protein serine/threonine phosphatase I 

(PSPI)-catalytic subunit in pineal nuclei, but does not affect the distribution of 

PSP2A-catalytic subunit (Koch et al., 2003). Dephosphorylation of pC REB by PSPs 

seems to be an essential mechanism for the down-regulation of AA-NAT induction 
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and melatonin biosynthesis. The decline in pCREB levels is followed by steady 

increase in ICER protein levels. As a result, the inhibitory effect of ICER overrides 

the stimulatory influence of pCREB on the aa-nat gene transcription, and thereby 

switches 'off melatonin synthesis (Stehle et al., 2001). Both AA-NAT mRNA levels 

and melatonin synthesis are increased drastically after the selective silencing of 

ICER in rat pinealocytes, probably due to uninhibited transcription of the aa-nat 

gene (Maronde et al., 1999a). The adrenergic induction ofthe CREM gene and ICER 

formation is transient because steadily increasing ICER levels attenuate the 

transcription of cAMP-inducible genes including CREM gene (Foulkes et al., 1996). 

Thus, ICER seems to repress its own production through a negative autoregulatory 

mechanism constituting the CREM feedback loop (Coon et al., 2001). A critical 

analysis of the available information suggests that the balance between the ratio of 

pCREB (stimulatory TF) and ICER (inhibitory TF) levels determines the 

transcriptional activity of AA-NAT promoter (Gupta et al., 2005). Due to diurnal 

shifts in the ratio of pCREB and ICER, the promoter cycles between activated and 

repressed states as a function of the day-night cycle. ICER levels 

overwhelm/dominate pCREB levels during the second half of night and switch '0tI' 

the adrenergically stimulated melatonin synthesis. 

In addition to ICER, Fos-related antigen 2 (Fra-2) was also supposed to be 

involved in turning '0tI' the melatonin synthesis. While stimulating the transcription 

of the aa-nat gene, the adrenergic signals also simultaneously activatefra-2 gene via 

pCREB and stimulate accumulation of Fra-2 mRNA that drives the 100-fold rhythm 
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in Fra-2 protein. It seems that Fra-2 containing AP-l complexes bind to AP-l site at 

position -32 in the AA-NA T promoter (Baler et 01., 1997). The AP-l binding site is 

located in close proximity of the major transcriptional start point, therefore, the 

binding of Fra-2 containing AP-l complexes to this site was thought to disrupt the 

assembly of the basic transcription machinery and to have an inhibitory influence on 

expression of the oa-nat gene and melatonin synthesis. However, a recent report has 

indicated that Fra-2 expression does not have any inhibitory influence on aa-nat 

gene expression (Smith et 01., 2001). The switching 'off mechanism for melatonin 

synthesis in the pineal of ungulates and primates may not involve transcriptional 

inhibition by adrenergically controlled inhibitory TFs like ICER. The inhibition of 

proteasomal proteolysis of AA-NAT is lifted due to declining levels of cAMP andlor 

pCREB in the later part of night, leading to increased breakdown of AA-NA T 

protein and switching 'off of melatonin synthesis. 

Adrenergically-induced increase in cAMP and cGMP levels is associated 

with increased activity of cAMP- and cGMP-dependent phosphodiesterase enzyme 

(PDE). The increase in the activity of the phosphodiesterase increases hydrolysis of 

cAMP, and thereby weakens the stimulatory effect of the adrenergic signals on AA­

NAT induction and melatonin synthesis. PDE-induced decline in cAMP level 

decreases PKA activity, which in tum, leads to reduced phosphorylation of CREB 

and AA-NAT. This cascade leads to reduction in aa-nat gene expression and 

acceleration of dephosphorylation and proteasomal proteolysis of AA-NAT. As 

mentioned earlier, adrenergically-stimulated cGMP activates the MAPKK-MAPK 
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pathway. Nocturnal and NE-induced expression of MAP kinase phosphatase-l 

(MKP-l) and a possible interaction of MKP-l with MAP kinases in rat pineal also 

supports a functional role of cGMP-PKG-MAPKK-MAPK pathway in regulation of 

melatonin synthesis (Chansard et al., 2005). 

During the early hours of adrenergic stimulation, Ca2
+ facilitates adrenergic 

stimulation of melatonin synthesis as discussed earlier. However, prolonged 

adrenergic signaling may result in accumulation of Ca2
+ levels to critically higher 

levels, which might be suppressing AA-NAT activity and leading to commensurate 

inhibition of melatonin synthesis. Whether Ca2
+, which acts as a key regulator of 

gene expressions via CREB phosphorylation in other tissues, also influences AA­

NAT induction and melatonin synthesis by activating CREM gene in pinealocytes 

remains to be established. 

Modulation of melatonin synthesis by other hormones in the pineal of mammals 

In addition to adrenergic receptors, the mammalian pinealocytes also possess 

receptors of a large number of hormones. The presence of receptors of several 

hormones in pineal indicates that the mammalian pineal is target of a large number 

of hormones, which may be involved, directly and/or indirectly, in the modulation of 

AA-NAT activity and melatonin synthesis. 

Androgens 

Receptors for androgens have been reported in the pineal of several 

vertebrate species (Haldar and Gupta, 1990; Gupta et al., 1993; Luboshitzky et al., 
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1997a,c). There are several reports on the role of honnones other than NE in the 

regulation of the pineal physiology and melatonin synthesis. Steroid honnones can 

act either directly on the pineal cells via intra-cellular receptors or indirectly through 

sympathetic innervation (Cardinalli, 1975). In human, treatment of testosterone has 

been reported to decrease melatonin secretion to nonnal level in male patients with 

GnRH deficiency having increased nocturnal melatonin secretion (Luboshitzky et 

ai., 1996a). Testosterone treatment has also been reported to nonnalize abnonnal 

melatonin secretion in hyper and hypo-gonadotropic males (Luboshitzky et ai., 

1997b, 2000). In mice, testosterone induced decrease in dense core vesicles and 

increase in fractional volume of lysosomes in pinealocytes, while castration 

produced opposite effects (Red ins et ai., 1999). Administration of testosterone to 

castrated males has been reported to inhibit HIOMT activity in rat pineal (Weiss and 

Crayton, 1970). Testosterone depressed pineal AA-NAT activity and decreased 

melatonin content in rats when incubated for up to 6 hours (Rudeen and Reiter, 1980; 

Cardinali et ai., 1987). However, testosterone treatment has been reported to 

significantly increase melatonin production in rat pineal gland removed during the 

dark phase but not during the light phase (Martin et ai., 1996). 

Dehydroepiandrosterone-sulphate (DHEA-S) has also been reported to have a direct 

action on beta-adrenergic-stimulated melatonin release in rat pineal gland leading to 

increased melatonin secretion in a dose-dependent manner (Martin and Touitou, 

2000a). 
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Estrogens 

The presence of estrogen receptors has been reported in the pineal glands of 

rat (Sanchez et al., 2004), sheep (Foldes et aI., 1983) and humans (Luboshitzky et 

al., 1997a). Intravenous administration of a conjugated oestrogen (Premarin 20 mg) 

has been reported to significantly suppress nocturnal melatonin secretion in women 

(Okatani and Sagara, 1994). In rats, ovariectomy has been reported to increase 

melatonin secretion from organ-cultured pineal, and this increase was suppressed by 

estrogen (Ishizuka et al., 2000). Ovarian steroids have also been reported to block 

the isoproterenol-induced elevation of pineal melatonin production in female rats 

(Moujir et al., 1990). Administration of estradiol benzoate reduced the activity of 

both AA-NA T and HIOMT in rat pineal (Okatani et al., 1998a,b,c; Hayashi and 

Okatani, 1999). Estradiol has also been reported to inhibit norepinephrine-induced 

hyperpolarization of pinealocyte cell membrane in rats (Sakai and Marks, 1972). 

Systemic administration of estrogen decreased pineal weight, cell organelles in 

pinealocyte and synthetic activity In the rat pineal (Clementi 

et al., 1965; Cardinali et al., 1975). Incubation of pineals with 17~-estradiol also 

significantly decreased the number of pineal synaptic ribbons in rats (Saidapur 

et al., 1991). It has been reported that ovarian steroids regulate interaction 

between Uj- and J3-adrenergic receptors in the pineal of female rats (Alonso 

et aI., 1995). Direct exposure of 17~-estradiol was also reported to reduce 

alpha-llbeta-adrenoceptor-induced stimulation of melatonin synthesis and 

release in rat pineal (Hernandez-Diaz et al., 2001). Treatment with low dose of 

17~-estradiol has been reported to reduce cAMP and AA-NA T activity in the pineal 
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of female rats (Sanchez et aI., 2004). Subcutaneous implantation of 17p-estradiol 

reportedly decreased AA-NAT activity and melatonin synthesis significantly in the 

rat pineal (Okatani et al., 1997,1999). However, incubation of the rat pineal in 

physiological levels (1-15 nM) of estradiol was reported to increase HIOMT activity 

and melatonin production in a dose-dependent manner (Nagle et al., 1972; Mizobe 

and Kurokawa, 1976). 17p-estradiol was also reported to increase melatonin release 

from peri fused pineal gland in rats (Martin et al., 1996). Exposure for 10 minutes to 

physiological amounts of estradiol (10 nM) significantly increased cAMP levels in 

the pineal gland of guinea pig (Cardinali et al., 1986). Further, estradiol has also 

been reported to increase pineal nuclear receptor levels and to enhance conversion of 

serotonin to melatonin in rats (Cardinali, 1977). 

Progesterone 

The presence of progesterone receptor has been reported in the pineal gland 

of rats (Hanukoglu et al., 1997). In ovariectomized rats, progesterone has been 

reported to decrease pineal HIOMT activity (Houssay and Barcelo, 1972) and serum 

melatonin levels (Ozaki et al., 1978). Incubation of rat pineal glands with 

progesterone (lOJlglml) reportedly decreased the stimulatory effects of isoproterenol 

and inhibited melatonin synthesis and secretion (Wilkinson and Arendt, 1978). 

Progesterone treatment also decreased melatonin secretion on rat pineal (Martin and 

Touitou, 2000b). LHRH has been reported to inhibit protein secretion in mouse 

pinealocyte (Haldar-Misra and Pevet, 1983). Luteinizing hormone increased pineal 

AA-NA T activity and melatonin synthesis in rats (Hosaka et al., 2002). 
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Thyroid hormones 

Receptors for thyroid hormone have been reported to be expressed in the 

mammalian retinal cells (Ng et al., 2001). But so far, there has been no report on the 

presence of thyroid hormone receptor in the pineal of any vertebrate species. 

However, the role of thyroid hormones in the modulation of melatonin synthesis has 

been reported in mammals. Thyroxine has been reported to inhibit AA-NAT activity 

and plasma melatonin level in rats and Syrian hamster (Champney et ai., 1985a). 

Incubation with T 3 for 6 hr was reported to increase melatonin level during light 

phase and to decrease melatonin level during dark phase in rat pineal (Catala et ai., 

1988). In humans, melatonin concentrations were found to be positively correlated 

with TSH levels in hypo-thyroid ism and negatively correlated with T 3 in hyper­

thyroidism (Soszynski et al., 1988). The presence of type 2 deiodinase (02) which 

catalyzes the conversion of 5'-deiodination of thyroxine to form 3,5,3'­

triiodothyronine have been reported in the mammalian pineal and exhibits a 

maximum value during the night (Rubio et al., 1991; Guerrero and Reiter, 1992; 

Murakami et al., 1997; Buettner et al., 1998). The expression of the enzyme 

deiodinase II (DII) has been reported to be under adrenergic control (Guerrero et al., 

1988; Osuna et al., 1993). In cultured rat pineal, type II iodothyronine deiodinase 

mRNA and deiodinase activity was stimulated following isoproterenol treatment 

while treatment with propanalol significantly supressed the enzyme activity 

(Murakami et ai., 1989; Rubio et al., 1991; Kamiya et al., 1999). The nocturnal 

increase of 5'0-II activity was reported to produce an increase of T3 concentration 
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and decrease of T 4 concentration in the rat pineal (Soutto et al., 1998). T 3 has been 

reported to inactivate the deiodinase II (011) enzyme by stimulating proteasomal 

proteolysis in pituitary cells (Steinsapir et al., 1998, 2000). Stimulation of 

proteasomal proteolysis reportedly inhibits AA-NAT activity in the mammalian 

pineal (Gastel et al., 1998; Stehle et al., 2001; Gupta et al., 2005). 

Corticosteroids 

The presence of glucocorticoid receptor has been reported in pineal gland of 

several vertebrate species (Meyer et al., 1998; Sarrieau et al., 1998). In rats, high 

concentration of corticosterone (0.8 x 10(-3) mol/I) has been reported to inhibit 

pineal AA-NAT activity and melatonin production (Zhao and Touitou, 1993). Intra­

peritoneal injection of corticosterone inhibited pineal AA-NAT activity and 

melatonin content in rat pineal (Troiani et al., 1988). Further, incubation of rat pineal 

with high doses of corticosterone (lO-IOO).1M) inhibited melatonin production 

(Yuwiler, 1989). Incubation of rat pineal with corticosterone for 48 hr has been 

reported to potentiate the rise of noradrenaline-induced melatonin production 

(Ferreira et al., 2005). However, in adrenalectomized rat and Syrian hamster, 

corticosteroid implant had no significant effect on the pineal AA-NAT activity and 

melatonin content (Champney et al., 1985b). Administration of hydrocortisone 

acetate has been reported to decrease daytime serotonin-N-acetyltransferase activity 

in rat pineal (Yuwiler and Brammer, 1981; Yuwiler, 1985). In humans, treatment 

with a glucocorticoid, prednisone (8mg /day) has been reported to suppress 

melatonin rhythm in asthma patients (Kos-Kudla et al., 1997). Administration of 
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dexamethasone and corticotropin releasing hormone (CRH) has been reported to 

inhibit pineal melatonin secretion in men (Demisch et aJ., 1988; Kellner et aJ., 1997). 

Similarly, treatment with dexamethasone (OAX 10(-3) mol/I) has also been reported 

to inhibit melatonin production in the rat pineal (Zhao and Touitou, 1993). 

Indoleamines 

Receptors for various indoleamines have been reported in the brain and 

pineal gland of mammals (Govitrapong et 01., 1991; Olcese and Munker, 1994; 

Sterado et 01.,2000; Uz et 01.,2005). Melatonin has been reported to exert regulatory 

actions within the pineal gland itself, and influences secretory activity of 

pinealocytes. In rats, melatonin has been reported to entrain directly the circadian 

pacemaker controlling the N- acetyltransferase rhythm (Ill nero va et al., 1989; 

Humlova and IIInerova, 1990). Melatonin acts directly on the pinealocyte of rats, and 

increases activity of both HIOMT and AA-NAT in a dose-dependent manner (Freire 

and Cardinali, 1975). In vitro treatment with melatonin has been reported to increase 

the concentration of 5- hydroxy-tryptamine (5-HT) from 10-6 M to 10-3 M in the rat 

pineal (Miguez et aJ., 1995). Subcutaneous injection of melatonin (1 mg/kg) 

increased pineal melatonin production in rats (BothoreI et aJ., 2002). However, 

melatonin injection, depending on the time of administration, inhibited the daily 

rhythms of serotonin in the rat pineal (Fiske and Huppert, 1978). In mice, treatment 

with 100mg of melatonin has been reported to decrease the number and volumetric 

density of lysosomes in the pineal gland (Red ins et 01., 2001). Daily subcutaneous 

injection of melatonin (20,...g in 1 mllanimal) was also reported to reduce serotonin 
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content in the rat pineal (Catala et al., 1984). Intra-peritoneal (i.p) injection of 

melatonin (150Jlg/kg) decreased 5-HT level in the rat pineal (Miguez et al., 1996). In 

cultured rat pinealocytes, addition of 5-HT to the culture medium has been reported 

to increase AA-NAT activity (Sudgen, 1990). Further, in vivo treatment with 5-HT 

enhanced pineal AA-NAT activity and melatonin synthesis in the rat pineal (Sterado 

et ai, 2000). Extracellular serotonin has also been reported to promote melatonin 

secretion following adrenergic stimulation (Olcese and Munker, 1994). However, 

incubation of pinealocytes with high concentration of 5-HT was found to inhibit 

melatonin synthesis in the rat pineal (Miguez et ai., 1997). 

Regulation of melatonin synthesis in birds 

The general mechanism of biosynthesis of melatonin in birds and mammals 

appears to be similar. As in mammals, the rhythmic changes in melatonin content of 

the avian pineal gland has been reported to be regulated primarily by changes in 

activity of the enzyme AA-NAT (Klein and Weller, 1970; Binkley et al., 1973). In 

the pineal of birds, AA-NAT and melatonin have been reported to exhibit a circadian 

rhythm with high levels during the night and low levels during the day (Siguenza et 

ai., 1988; Rudeen et ai., 1990; Kato et ai., 1999; Natesan et ai., 2002). However, the 

mechanism controlling the nighttime increase and the daytime decrease in AA-NA T 

activity has been reported to be regulated differently in mammals and birds (Binkley 

et al., 1981). In mammalian pineal, the rhythm in melatonin synthesis is entirely 

driven by the SCN, which acts as a circadian oscillator. However, the bird pineal has 

been reported to retain a photoreceptive capability and the gland is photosensory, and 
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possess a photic input pathway for melatonin release (Underwood et af., 2001; 

Natesan et aI., 2002). It has been found that the daily changes in AA-NAT activity 

and melatonin content in the avian pineal gland are manifestations of true circadian 

rhythms (Binkley et aI., 1973). The avian pineal contains both circadian oscillator as 

well as pacemaker to drive circadian rhythm in the biosynthesis of melatonin and 

photo receptors to synchronize the rhythm to environmental lighting (Deguchi, 

1979c; Hamm et af., 1983). It has been reported that the circadian pacemaker of 

avian pineal gland oscillates both in vivo and in vitro, where light exposure 

suppresses the night-time increase in AA-NAT activity (Wainwright, 1980; Deguchi, 

1981; Hamm et af., 1983). When placed in organ and/or cell culture, the avian pineal 

express at least four circadian cycles of melatonin biosynthesis in the dark or dim red 

light (Takahashi et af., 1980; Zatz et aI., 1988). Further, the chick pineal in vitro 

responds to environmental light in three ways: phase-shift of the circadian cycle, 

acute suppression of the melatonin biosynthetic release and increase in amplitude 

(Zatz et af., 1988). 

In birds, both direct photoreception and neurotransmitters have been reported 

to affect AA-NAT activity and melatonin synthesis (Binkley et af., 1983; Cassone et 

af., 1983). In contrast to mammalian pineal, where NE stimulates melatonin 

biosynthesis via elevated cyclic AMP levels (Klein et af., 1987), the avian pineal 

shows an inhibition of the melatonin synthetic pathway following norepinephrine 

treatment (Binkley, 1976a,b; Wainwright and Wainwright, 1978; Deguchi, 1979b). 

The different responses to NE of the mammalian and chicken pineal can be readily 
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attributed to different types of adrenergic receptors and G-proteins involved in NE­

induced signal transduction. In mammalian pineal, NE acts via al- and ~1-

adrenergic receptors coupled to stimulatory G-proteins (Gs) and stimulates adenylate 

cyclase resulting in increased AA-NAT activity and melatonin synthesis (Gupta et 

01., 2005). In the avian pineal, however, NE acts via a2-adrenergic receptors coupled 

to inhibitory G-proteins (Gi) and inhibits adenyl ate cyclase activity resulting in 

inhibition of AA-NAT activity and melatonin synthesis (Voisin and Collin, 1986; 

Pratt and Takahashi, 1987; Zatz and Mullen, 1988). 

The avian pineal clock generates a rhythm in the abundance of aa-nat mRNA 

that can account for the free running rhythm in AA-NAT activity (Takahashi et 01., 

1980; Bernard et 01., 1997). In avian pineal, the transcriptional regulation of the 00-

nat gene is mediated by the clock genes. Changes in aa-nat expression are mediated 

by the E-Boxes that have been found in the promoter region of the aa-nat gene 

(Natesan et 01., 2002). It has been reported that the clock-dependent nocturnal 

increase in aa-nat mRNA requires gene expression for the synthesis of melatonin 

(Bernard et 01., 1997; Natesan et 01., 2002). In mammals, both transcriptional 

activation and protection of AA-NAT protein against proteasomal proteolysis are 

provided by NE-induced cAMP formation. However, the transcriptional regulation 

of the aa-nat gene in chick pineal is mediated primarily by the clock genes, whereas 

protection of AA-NAT activity from proteosomal degradation is mediated by cAMP 

(Gastel et 01., 1998; Ganguly et 01.,2002; Natesan et 01.,2002). 
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Regulation of melatonin synthesis in reptiles and amphibians 

As in mammals and birds, daily and seasonal variations in AA-NAT activity 

and melatonin content have been reported in pineal organ of both reptiles and 

amphibians, with the maximum value occurring during the night (Serino et al., 1993; 

Tosini and Menaker, 1996; Lutterschmidt et al., 2002; Chiba et al., 2005). However, 

unlike in mammals and birds, there is paucity of information on the mechanism of 

regulation of melatonin synthesis in reptiles and birds. Photoperiod and temperature 

seem to play an important role in the regulation of AA-NAT activity and melatonin 

production in pineals of reptiles and amphibians (Quay et al., 1971; Underwood and 

Calaban, 1987; Tilden and Hutchinson, 1993; d'Istria et al., 1994; Moyer et al., 

1997). Pinealectomy lead to abolition of the circadian rhythm of plasma melatonin in 

the ruin lizard, Podarcis sicula (Foa et al., 1992). It has been reported that both light 

and temperature are important modulators of pineal function in gecko (Moyer et al., 

1997). The pineal organ of reptiles can act as a photo- and thermo- transducer, which 

translates information on light and temperature into an internal cue in the form of 

pineal melatonin rhythm (Underwood and Calaban, 1987; Hyde and Underwood, 

2000). Pinealectomy was reported to affect plasma melatonin level in the neotenic 

tiger salamander (Gem and Norris, 1979). In Rana perezi, increase in environmental 

photoperiod and temperature induced a day-night mythm of plasma melatonin levels, 

while a decrease in environmental temperature abolished the melatonin mythm 

(Delgado and Vivien-Roels, 1989). In the frog, Rana tigrina, the retino-pineal gland 

pathway appears to produce light-induced changes in pineal glands of frogs I-month-
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old or older, but this pathway only functions in I-month-old frogs, and does not 

appear to function in 6-month-old frogs (Lee et al., 1997). 

Modulation of melatonin synthesis in non-mammalian pineal by other 

hormones 

Androgen and estrogens 

Unlike in mammals, there is paucity of information on the role of hormones 

in the regulation of the pineal physiology and AA-NAT activity and/or melatonin 

synthesis in other vertebrates. Administration of testosterone has been reported to 

exert inhibitory influence on the activity of pineal in roseringed parakeets, Psittacula 

kramer; (Maitra and Dey, 1994). Administration of testosterone and estradio I in the 

culture medium has been reported to significantly decrease melatonin in quail pineal 

content within 24 hours following the steroid treatment (Haldar et al., 2003). 

However, gonadal steroids had no significant effect on pineal AA-NA T activity in 

quails (Pres lock, 1976). Receptors of estradiol-17~ have been reported to be 

expressed in the in fish pineal (Begay et ai., 1994). Treatment with low 

concentrations of estradiol-17~ has been reported to inhibit melatonin release, while 

high concentrations were found to be stimulatory in the trout pineal (Begay et ai., 

1993). 

Corticosteroids 

The presence of glucocorticoid receptor has been reported in the brains of 

chinook salmon, Oncorhynchus tshawytscha (Knoebl et ai., 1996), pineal gland of 
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trout (Benyassi et al., 2001) as well as in the retina of chicken (Zawilska and 

Sadowska, 2002) and salamander (Psarra et al., 2003). Prolonged treatment with 

dexamethasone (a glucocorticoid) has been reported to suppress melatonin 

production in chick pineal gland (Zawilska and Sadowska, 2002). It has also been 

reported that dexamethasone, after 6 hours of culture in the dark, inhibited pineal 

arylalkylamine N- acetyltransferase in trout pineal in a dose-dependent manner 

(Benyassi et al., 2001). 

Indoleamines 

Receptors for various indoleamine have also been reported to be present in 

the retina of Xenopus (Wiechman et al., 2003), chick (Natesan and Cassone, 2002) 

and fish (Hensley and Cohen, 1992). Administration of melatonin and 5-

methoxytryptamine has been reported to increase the weight of pineal gland during 

different phases of the breeding cycle in the water snake, Natrix piscator (Haldar and 

Pandey, 1988). In Japanese newt, daily injections of melatonin have been reported to 

entrain the pineal circadian clock responsible for the circadian change in synaptic 

ribbon (SR) number (Kikuchi et al., 2000). Implantation of melatonin into female 

Coturnix has been reported to decrease activity of both HIOMT and AA-NA T 

(preslock, 1976). In fish, the presence of various indoleamines has been reported in 

the pineal gland of Lampetra planeri (Meineil and Hartwig, 1980; Guerlotte et al., 

1986) and trout (Yanez and Meissl, 1996; Ceinos et al., 2005). However, there is 

practically no information on the role of indoleamines in the regulation of pineal 

AA-NAT activity in any fish species. 
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Thyroid hormones 

There is scarcity of information on effects of thyroid hormones on AA-NA T 

activity and melatonin synthesis in non-mammalian vertebrates. Injection of T 4 has 

been reported to decrease plasma levels of melatonin in Rana catesbeiana (Wright 

and Alves, 2001). Thyroxine (T4) administration caused a reduction in nighttime 

plasma melatonin level in Atlantic salmon, Salmo salar (Kulczykowska et ai., 2004). 

It has been reported that L-T 3 produced inhibitory effects on pineal AA-NAT 

activity, while L-T4 showed no significant effect on the enzyme in Ciarias 

gariepinus (Premabati, 2005; Gupta and Pre mabati , unpublished). Further, 

immersion of the fish in water containing propylthiouracil (PTU) has also been 

reported to significantly decrease pineal AA-NAT activity during winter in Clarias 

gariepinus (Premabati, 2005; Gupta and Premabati, unpublished). 

Leptin 

In mammals, the presence of leptin receptor has been reported in the brain 

(Couce et ai., 1997; Elmquist et al., 1998), pituitary (Smolinska et al., 2004) as well 

as in the pineal gland (Chelikani et al., 2003). The genes for both leptin and leptin 

receptor have been cloned and sequenced from the mouse, rat and humans (Zhang et 

al., 1994). The evidence for leptin expression have been reported in fish. Western 

blot analysis revealed that leptin is expressed in tissues of different species of fishes 

in the blood, brain, heart and liver and it has been found that the peptide structure of 

the fish leptin is similar to that of mammalian leptin (Johnson et al., 2000). There are 

several reports on the effects of leptin on the fish physiology. Administration of 
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leptin for 10 days has been reported to reduce food intake, body weight gain and 

specific growth rate in gold fish (Volkoff et al., 2003; de Pedro et al., 2006). In vitro 

treatment of leptin reportedly stimulated thyrotropin mRNA levels in a dose­

dependent manner in the pituitary of carp (Chowdhury et al., 2004). Murine leptin 

injections have been reported to increase intracellular fatty acid binding protein in 

green sunfish, Lepomis cyanel/us (Londraville and Duvall, 2002). High 

concentration of leptin (0.5 and lx10-6 M) was also reported to stimulate FSH and 

LH release in rainbow trout (Weil et al., 2003). However, long-term peripheral 

treatment with human leptin had no physiological effect in Coho salmon (Baker et 

al., 2000). But, so far there is practically no information on effects ofleptin on pineal 

physiology in ectotherms in general and on AA-NAT activity and/or melatonin 

synthesis in fishes in particular. 

Regulation of melatonin synthesis in fish 

The melatonin biosynthesis pathway and its molecular components in fishes are 

similar to other vertebrates (Vollrath, 1981; Kroeber et al., 2000). In mammalian 

pinealocytes, the diurnal rhythm in AA-NAT expression is controlled by neural 

signals originating from the suprachaismatic nucleus of the hypothalamus which acts 

as 'Zeitgeber" (Foulkes et al., 1997). However, unlike mammalian pineal, the fish 

pineal contains a complete melatonin rhythm generating system, incorporating a 

photodetector, a circadian clock and melatonin synthesis machinery (Bolliet et al., 

1997; Falcon et al., 2001; Vuilleumier et al., 2006). The fish pineal reportedly 

contains precursors of melatonin like 5- hydroxytryptophan and 5-
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hydroxytryptamine (Kroeber et ai., 1998). In several species of fishes, the pineal has 

been reported to secrete melatonin as well as intermediate compounds (like 5-

methoxytryptophol, 5- methoxyindoleacetic acid and 5- methoxy-tryptamine) of 

melatonin biosynthetic pathway (Falcon et al., 1989; Max and Menaker, 1992). In 

fishes also AA-NAT is the rate-limiting enzyme in the melatonin biosynthesis 

pathway (Begay et al., 1998; Coon et al., 1999; Benyassi et ai., 2000; Falcon et al., 

2001). The rhythm in AA-NAT activity in fishes, as in most vertebrates, is driven by 

circadian clocks, and the photoperiod resets and entrains the clocks (Kezuka et al., 

1988; Coon et al., 1999). The circadian rhythm is initiated by minimal photic cues, 

which starts the circadian clock in the pineal gland (Vuilleumier et al., 2006). The 

presence of AA-NA T activity has been reported in a number of piscine species 

(Morton and Forbes, 1988; Benyassi et al., 2001). Although a single AA-NAT gene 

has been found in mammals, two aa-nat genes are expressed in fishes, which are 

designated as aa-nat-J and aa-nat-2 (Coon et al., 1999; Mizusawa et al., 2000). In 

pike, it has been reported that AA-NAT -1 is exclusively expressed in the retina and 

AA-NA T -2 in the pineal gland (Coon et al., 1999; Gothilf et al., 1999). Further, 

NAT gene activity, AA-NAT activity and melatonin synthesis increase during 

darkness, and light inhibits AA-NAT activity and melatonin synthesis (Begay et al., 

1998; Coon et al., 1999; Falcon et aI., 2001). In the rat pineal, light acts 

independently via downstream mechanism to tum off AA-NAT activity by initiating 

proteasomal proteolysis of AA-NAT protein (Gastel et al., 1998). Similar 

proteasome-based mechanisms may function widely as selective molecular switches 
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in vertebrate neural systems. In mammalian pineal, NE stimulates ~-adrenergic 

receptors while a-adrenergic receptor potentiates the ~-adrenergic receptor for the 

formation of cAMP (Chik and Ho, 1989). However, in fish pineal, the activation of 

~-adrenergic receptor has been reported to increase cAMP formation and NAT 

induction, while activation of a-adrenergic receptors inhibit AA-NAT activity 

(Falcon et al., 1991; Thibault et al., 1993; Gupta and Khamtilin, unpublished). 

In the fish pineal, the nocturnal rise in melatonin synthesis is associated with an 

increase in cAMP production and Ca++ entry through voltage gated channels, and 

light inhibits melatonin synthesis by decreasing cAMP content and closure of Ca ++ 

channels (Falcon and Gaildrait, 1997). It is noteworthy that the cAMP content of 

pineal is increased during darkness and decreased in the presence of light, and the 

diurnal rhythm of cAMP in the fish pineal is influenced by the light-dark cycle 

(Falcon and Gaildrat, 1997). In static organ culture, cAMP levels have been reported 

to be increased following treatment with forskolin (an activator of stimulatory G­

protein) as well as by isobutylmethylxanthine and theophylline (inhibitors of 

phosphodiesterases) (Thibault et al., 1993). In the rat pineal, the increased 

concentration of cAMP leads to phosphorylatiOon of cAMP response element 

binding protein (CREB) and formation of phospho-CREB (PCREB) (Foulkes et al., 

1997; Maronde et af., 1 999b ). Then, pCREB activates the NAT gene followed by the 

formation of aa-nat mRNA and AA-NAT protein. Further, elevation of cAMP by 8-

Bromo-cAMP- forskolin and 3-isobutyl-l methylxanthine has been reported to 

increase the level of pC REB and melatonin in light or dark-adapted pineal of both rat 
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and trout (Kroeber et al., 2000). It has been reported that in pike pineal, light induced 

decrease in AA-NAT 2 protein in photoreceptor cells and light-induced decrease was 

blocked by inhibitors of the proteosomal proteolysis (Falcon et al., 2001). Further, if 

the pike pineal glands were maintained under light at night, the treatment with these 

inhibitors increased AA-NAT 2 protein and activity (Falcon et al., 2001). These 

findings suggest that proteosomal proteolysis is a conserved element in the 

regulation of AA-NAT activity in the vertebrate pineal. 

In addition to cAMP, calcium has also been reported to playa crucial role in 

regulation of NAT activity and melatonin synthesis in the fish pineal (Begay et al., 

1994; Gasser and Gem, 1997). The voltage-gated L-type calcium channels seem to 

play an important role in the regulation of calcium in both oscillating and non­

oscillating fish pineal photoreceptor cells (Korf et aZ., 1997). Dark-induced 

melatonin synthesis is reportedly inhibited following calcium depletion by 

antagonists of L-type and N-type voltage sensitive calcium channels (Gasser and 

Gem, 1997). Further, calcium channel antagonist-induced inhibition of dark-induced 

melatonin synthesis was abolished following treatment with dibutyryl cAMP. This 

suggests that Ca -,.+ acts upstream of cAMP in regulating melatonin synthesis the fish 

pineal. Ca ++ also seems to regulate fish pineal cAMP content via calciproteins. It has 

been reported that Ca++ and/or Ca++ -calciprotein complexes might be acting in fishes 

at two different sites, one involving regulation of cAMP metabolism and the other 

being independent of cAMP (Begay et al., 1994; Falcon, 1999). 
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It, thus, seems that the melatonin synthesis is regulated by a complex 

mechanism involving cAMP dependent and cAMP independent pathways in 

photoreceptive fish pineal. In darkness, the influx of calcium seems to switch 'ON' 

the melatonin synthesis. Ca++ -calciproteins complexes might be involved in the 

activation of adenylyl cyclase and increased formation of cAMP in photoreceptor 

cells of fish pineal. Then increased cAMP concentration might be responsible for 

activation of protein kinase A (PKA) and phosphorylation ofCREB to pCREB. Then 

pCREB may stimulate NAT gene to form nat mRNA followed by formation ofNA T 

protein. In addition, cAMP might also be protecting AA-NA T from its proteosomal 

degradation during the dark phase (Thibault et al., 1993; Falcon et al., 2001). 

Therefore, the melatonin synthesis in fish pineal photoreceptors is increased during 

the dark phase due to increased formation and decreased degradation of NAT 

protein. Melatonin synthesis in fish pineal seems to be switched 'OFF' by light due 

to decrease in Ca ++ followed by increased activity of phosphodiesterases, decrease 

in cAMP and increased proteasomal proteolysis. 

A critical review of the preceding information indicates that, unlike in 

mammalian and avian pineal, there is lack of information on the role of various 

hormones in regulation of AA-NAT activity and/or melatonin synthesis. In general, 

studies based on in vivo administration of hormones on selected physiological 

parameter(s) do not provide information on whether the observed effect is direct or 

indirect. However, one can explore direct effects of hormones on any physiological 

parameters using well-defined in vitro experimental protocols. Therefore, keeping in 
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view the scarcity of infonnation on the role of gonadal steroids, corticosteroids, 

indoleamines and leptin in the regulation of AA-NAT activity in the fish pineal, it 

was thought worthwhile to undertake a comprehensive study on in vitro effects of 

these honnones on the activity of the rate-limiting enzyme, AA-NAT in the 

photoreceptive pineal of an air-breathing catfish, Clarias gariepinus during different 

phases of its breeding cycle. 
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CHAPTER·! 

MATERIALS AND METHODS 

INTRODUCTION 

Fishes are aquatic vertebrates that differ in many aspects of habits and habitats 

as compared to the terrestrial vertebrates. During the course of evolution, they 

developed a special mechanism by which they could extract dissolved oxygen from 

water through their gills. Air breathing in the fish is a common phenomenon, which 

can be found among a wide range of freshwater as well as marine species. The 

freshwater air breathing fishes supplement their aquatic respiration primarily by 

utilizing atmospheric oxygen (02) and release carbondioxide (C02) aquatically 

(Hazel, 1992). 

All the experiments of this Ph. D. dissertation were conducted on the 

air-breathing fish, Clarias gariepinus due to its easy availability, excellent survival 

under laboratory conditions and reasonable cost throughout the year at Shillong. A 

brief introduction of the fish, techniques used for the measurement of AA-NA T 

activity and the biostatistical methods used for the analysis of the data is presented in 

the following sections. 

Clarias gariepinus 

Clarias gariepinus is a teleost, which is widely distributed all over India and 

other tropical countries. In nature, it usually lives in shallow rivers, ponds and muddy 

places, and survives even in water with low oxygen content. It exhibits a bimodal 
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(aquatic and atmospheric) breathing habit, and often comes to the surface of water to 

engulf atmospheric air. C/arias gariepinus breeds during monsoon (premabati, 2005). 

The gonadal activity undergoes a cyclic change (both in morphology and histology) 

with the change in season so that spawning takes place in the most propitious time of 

the year ensuring maximum survival and faster growth of the young ones. At Shillong, 

gonadal activity remains minimum (quiescent phase) during the months of January 

and February, which increases gradually during the months of March to May 

(progressive phase). Breeding occurs from June to August (breeding phase). Then the 

gonads undergo regression during the months of November and December (regressive 

phase). This cyclic change in the gonadal activity is possibly cued by the external 

factors (e.g. water temperature, photoperiod etc.). 

For this dissertation, adult male C/arias gariepinus (body weight: 90-100g; 

body length: 23-27 cm) were purchased from the local fish suppliers. Fishes were 

maintained in plastic tubs and acclimatized at least for 15 days before starting any 

experiment in the laboratory under natural climatic conditions at Shillong (Latitude 

25°.30' N, Longitude 91 °.52' E; Altitude 1450 ASL; Minimum water temperature: 4° 

C; maximum water temperature: 24.5° C). During acclimatization, the fishes were fed 

daily with minced earthworms and commercial fish food ad libitum. Water was 

changed every day to avoid infections. 

'. 
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Chemicals 

All fine chemicals including hormones used in the experiments were 

purchased from Sigma-Aldrich, USA. 14C-acetyl coenzyme A was purchased from 

Amersham Pharmacia Biotech (0. K). 

Collection of pineals 

It has been found m our laboratory that the AA-NAT activity in the 

photoreceptive pineal of Clarias gariepinus does not respond to stimulatory 

adrenergic agonists (e.g., norepinephrine, isoproterenol etc.) during the daytime 

(Photophase), therefore all the in vitro studies were conducted on the pineals 

collected immediately after the sunset. In order to collect pineal, the fish was 

decapitated under dim red light and the pineal window was quickly exposed with the 

help of a sterilized surgical blade. The pineals were rapidly removed and placed in 

the culture medium in a well of multi-well culture plate (Coming Cell Wells, New 

York., USA). 

Pineal organ culture 

Dulbeco's Modified Eagles Medium (DMEM) supplemented with Bovine 

Serum Albumin (BSA), Calcium carbonate (CaC03), Ascorbic acid and Penicillin­

Streptomycin was used for the pineal culture using multi-well culture plate. After pre­

incubation for one hour, the medium was removed and replaced with medium 

containing desired concentration of the hormones. The pineals were incubated for 6 

hours at 25° C in an atmosphere of 85% 02, 5% C02 and 95% relative humidity with 
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the help of 02-C02 gas incubator (Heraeus:Cytopenn). Pineals incubated in DMEM 

without any drugs were treated as control. After incubation, the pineals were removed 

and placed in numbered Eppendorf tubes, which were immediately frozen in liquid 

nitrogen for the measurement of AA-NA T activity. 

Measurement of pineal arylalkylamine N-acetyltransferase (AA-NA T) activity 

Arylalkylamine N-acetyltransferase (AA-NAT) activity was measured with 

the help of radio-enzymatic assay as described by Oeguchi and Axelrod (1972) with 

slight modifications. For the measurement of AA-NAT activity, the pineals were 

sonicated in 75 III of homogenization buffer (phosphate buffer: pH 6.5 with 6 nM 

acetyl Co-enzyme A). The 15 I.d samples (in duplicate) of the sonicated pineals were 

incubated for 20 min at 25° C with 5 III of the reaction mixture (tryptamine 

hydrochloride solution, phosphate buffer and 14C-acetyl Co-A). 100 III of borate 

buffer was added to stop the reaction. In order to extract acetylated tryptamine, a 

mixture of isoamyl alcohol and toluene (3 :97) was added to the tubes, and the tubes 

were rotated in a rotary mixer (Stuart Scientific, U. K) for 15 minutes, and 

centrifuged at 3000 rpm for 5 minutes. Two ml of the upper phase of the mixture 

was transferred to a scintillation vial containing 5 ml of scintillation fluid. The 

radioactivity in each sample was counted in terms of disintegration per minute 

(OPM) with the help of a liquid scintillation counter (Wallace-l 409). Vials (in 

duplicates) treated as 'Blanks' contained homogenization buffer, reaction mixture, 

extraction solution, and scintillation fluid only. After calculations, AA-NAT activity 

was expressed as nmollpineallhour. 

Analysis of data 

The Data were analyzed statistically with the help of Student's 't' test and 

regression analysis (Snedecor, 1961). A P < 0.05 was considered as significant. 
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Major steps in the measurement of AA-NAT activity 

Remove pineal from the fish and transfer it to Eppendorf tube 

~ 
Store the tubes in liquid nitrogen 

~ 
Sonicate pineal in homogenization buffer and freeze in liquid nitrogen 

~ 
Add reaction mixture to homogenate and incubate for 20 minutes 

~ 
Add borate buffer to stop the reaction 

~ 
Add extraction solution and mix for 15 minutes using rotary mixer 

~ 
Centrifuge for 5 minutes at 3000 rpm 

~ 
Take the upper phase 

~ 
Add scintillation fluid 

~ 
Count radioactivity (DPM) using liquid scintillation counter 

~ 
Calculate results 
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CHAPTER-2 

In vitro effects of gonadal steroids and corticosteroids on 

arylalkylamine N-acetyltransferase (AA-NAT) activity in the fish 

pineal during different phases of the breeding cycle 

INTRODUCTION 

Arylalkylamine N-acetyltransferase (AA-NAT) is the rate-limiting enzyme in 

the biosynthesis of melatonin. The diurnal rhythm of pineal AA-NAT activity is 

regulated primarily by adrenergic mechanism, and other hormones have been 

reported to produce modulatory effects on the enzyme. Steroid hormones are 

essential constituents of the intercellular communication system that maintains 

homeostasis in higher organisms and plays a vital role in general adaptations to the 

ever changing environment. Besides adrenergic receptors in mammalian pineal 

(Gupta et al., 2005), receptors of gonadal steroids (Luboshitzky et al., 1997a) and 

glucocorticosteroids (Meyer et al., 1998; Sarrieau et al., 1998) have also been 

reported to be present in the mammalian pineal. Further, gonadal steroids have been 

found to modulate the adrenergic receptors in mammalian pineal (Foldes et al., 1983, 

Sanchez et al., 2004). Testosterone has been reported to inhibit pineal melatonin 

synthesis in the pineal of rats (Karasek et al., 1978; Cardinali et al., 1987) and 

humans (Luboshitzky et al., 1996a,b). In castrated male rats, testosterone has been 

reported to inhibit pineal AA-NAT activity and to decrease melatonin content 

(Rudeen and Reiter, 1980). 17p-estradiol has been reported to reduce AA-NAT 
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activity and melatonin synthesis in the rat pineal (Okatani et al., I 998a,b,c, 1999). 

Corticosteroids have been reported to induce mild induction of AA-NAT in the 

hepatocytes of the rat (Zaher and Svenson, 1994). However, corticotrophin releasing 

hormone administration has been reported to inhibit melatonin secretion in healthy 

volunteers (Kellner et al., 1997). Stress-induced secretion of corticosterone has been 

reported to inhibit AA -NA T activity and melatonin content in the rat pineal (Troiani 

et al., 1988). Prolonged treatment with dexamethasone (glucocorticoid) suppressed 

melatonin production in the chick pineal gland (Zawilska and Sadowska, 2002). 

Receptors of glucocorticosteroids and estrogens have also been reported to be 

present in the pineal and retina of fish species (Begay et aI., 1994; Benyassi et al., 

2001). In addition to the mammalian pineal gland (Rubio et al., 1993; Price et al., 

2004; Gupta et al., 2005), a- and f3-adrenergic receptors are also present in the 

photoreceptor cells of the mammalian retina, which possess AA-NA T and produce 

melatonin (Berlie et al., 1995; Wikberg-Matsson et al., 1996; Lashbrook and Steinle, 

2005). Adrenergic receptors have also been reported to be present in the 

photoreceptive pineal of birds (Voisin et al., 1987; Bylund et al., 1988; Nowak et al., 

1997). In fishes, adrenergic receptors have been found in several parts of the brain 

of red porgy, Pagrus pagrus (Zikopoulos and Dermon, 2005). a-Adrenergic agonists 

have been reported to inhibit AA-NAT activity, and J3-adrenergic agonists to 

increase AA-NA T activity and melatonin production in the fish pineal (Falcon et al., 

1991) suggesting existence of a- and f3-adrenergic receptors in the fish pineal. 

However, unlike in mammalian and avian pineal where adrenergic receptors, AA-
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NA T activity and melatonin are modulated by gonadal steroid hormones and 

corticosteroids (Karasek et al., 1978; Foldes et al., 1983, Cardinali et al., 1987; 

Luboshitzky et al., 1996a,b; Sanchez et al., 2004), there is practically no information 

on the role of gonadal steroids or corticosteroids in regulation/modulation of 

adrenergic receptors or AA-NA T activity and/or melatonin synthesis in the 

photoreceptive fish pineal. Therefore, keeping in view the scarcity of information, it 

was thought worthwhile to investigate the effects of various gonadal steroids and 

corticosteroids on AA-NAT activity in the pineal of an air-breathing catfish, Clarias 

gariepinus during different phases of the annual breeding cycle. 

MATERIALS AND METHODS 

All experiments were conducted on adult male Clarias gariepinus. Fishes 

were purchased from the local fish suppliers, and maintained in plastic tubs and 

acclimatized for at least 15 days in the laboratory under natural climatic conditions. 

During acclimatization, the fishes were fed daily with minced earthworms and 

commercial fish food ad libitum. Water was changed everyday to avoid infections. 

In order to collect pineal, the fishes were decapitated in complete darkness 

under dim red light and the pineals were rapidly removed, washed in culture medium 

(DMEM) and placed in the culture medium in the wells of multi-well culture plate 

(Coming Cell Wells, New York, USA) for organ culture and treatment with the 

hormones. 
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The experimental protocol for the proposed study is given below: 

Experimental protocol 

Experiment Hormones Concentration Time of 
of hormones Experiment 

In vitro effects of Testosterone 10-6 M 10-5 M , Quiescent (February), 

gonadal steroids 17-~ estradiol and 10-4 M of Progressive (April), 

and corticosteroids Estriol each hormone Breeding (August) and 

onAA-NAT Estrone Regressive (November) 

activity Corticosterone phases 

Cortisol 

Pineal organ culture 

The pineals were pre-incubated for one hour, after which the 

medium was removed and replaced with medium containing desired concentration 

of the hormones_ The pineals were then incubated for 6 hours at 25° C in an 

atmosphere of 85% O2, 5% CO2 and 95% relative humidity with the help of 02-C02 

gas incubator (Heraeus: Cytoperm, Germany). Pineals incubated in DMEM without 

any drugs served as control. At the end of incubation period, the pineals were 

removed and placed in numbered Eppendorf tubes, which were immediately frozen 

in liquid nitrogen for the measurement of AA-NAT activity. 
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Measurement of pineal arylalkylamine N-acetyltransferase (AA-NAT) activity 

Arylalkylamine N-acetyltransferase (AA-NA T) activity was measured with 

the help of radio-enzymatic assay as described by Deguchi and Axelrod (1972) with 

slight modifications. For the measurement of AA-NAT activity, the pineals were 

sonicated in 75 J!l of homogenization buffer and 15 J!l samples (in duplicate) of the 

sonicated pineals were incubated for 20 min at 25" C with 5 III of the reaction 

mixture. 100 J!l of borate buffer was added to stop the reaction. In order to extract 

acetylated tryptamine, extraction solution was added to the tubes and rotated in a 

rotary mixer (Stuart Scientific, U. K) for 15 minutes, and centrifuged at 3000 rpm 

for 5 minutes. Two ml of the upper phase of the mixture was transferred to a 

scintillation vial containing 5 ml of scintillation fluid, and the radioactivity in each 

sample was counted with the help of a liquid scintillation counter (Wallace-1409). 

After calculations, AA-NAT activity was expressed as nmol/pineallhour. The data 

were analyzed statistically with the help of Student's 't' test and regression analysis. 

A p < 0.05 was considered as significant. 

RESULTS 

1. In vitro effects of testosterone (an androgen) on AA-NAT activity 

The data are presented in Table 2: 1; Fig. 2: 1. During the progressive, 

breeding and regressive phases, all the three concentrations (10-6 M, 10-5 M and 104 

M) of testosterone significantly decreased AA-NA T activity. However, during the 

quiescent phase, in vitro treatment with both 10-5 M and 104 M testosterone solution 

significantly decreased the enzyme activity, while 10-6 M testosterone solution had 
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no significant effect on pineal AA-NAT activity. Regression analysis of the data 

indicated strong negative correlation between the doses of testosterone and pineal 

AA-NAT activity during all four phases of the breeding cycle ofthe fish. 

2. In vitro effects of estrogens on AA-NAT activity 

Effects of 17- p estradiol 

The data are presented in Table 2:2; Fig. 2:2A. During the quiescent phase, 

while in vitro treatment with 10-6 M and 10-5 M 17 -~ estradiol solution had no 

significant effect on pineal AA-NAT activity, 10-4 M estradiol significantly 

decreased the enzyme activity. However, during the progressive phase, both 10-5 M 

and 10-4 M 17-~ estradiol solutions significantly decreased AA-NAT activity, 

while I 0-6 M solution of the hormone had no significant effect on the enzyme activity. 

During the breeding and regressive phases, all the three concentrations (10-6 M, 10-5 

M and 10-4 M) of 17-~ estradiol significantly inhibited AA-NAT activity. Regression 

analysis of the data revealed strong negative correlation between the doses of 17-~ 

estradiol and pineal AA-NA T activity during all four phases of the breeding cycle of 

the fish. 

Effects of estriol 

The data are presented in Table 2:2; Fig. 2:2B. During both the quiescent and 

the progressive phases, in vitro treatment with only 10-4 M estriol significantly 

decreased AA-NAT activity, while the other two lower concentrations (10-6 M and 

10-5 M estriol) of the hormone had no significant effect on the enzyme activity. 
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However, during the breeding and the regressive phases, 10-5 M and 10-4 M 

concentrations of estriol significantly decreased AA-NAT activity, while 10-6 M 

concentration of the hormone had no significant effect on the enzyme activity. 

Regression analysis of the data revealed strong negative correlation between the 

doses of estriol and pineal AA-NA T activity during all four phases of the breeding 

cycle of the fish. 

Effects of estrone 

The data are presented in Table 2:2; Fig. 2:2C. During the quiescent and the 

progressive phases, none of the three concentrations of estrone had any significant in 

vitro effect on pineal AA-NA T activity. However, during the breeding phase, only 

10-4 M concentration of the hormone significantly decreased pineal AA-NAT 

activity, while other two lower concentrations (l0-6 M and 10-5 M) of estrone 

produced no significant effects. During the regressive phase, 10-5 M and 10-4 M 

concentration of estrone significantly decreased pineal AA-NAT activity, while 10-6 

M estrone had no significant effect on the enzyme activity. Regression analysis of 

the data revealed strong negative correlation between the doses of estrone and pineal 

AA-NAT activity during all four phases of the breeding cycle of the fish. 

3. In vitro effects of corticosteroids on AA-NAT activity 

Effects of corticosterone 

The data are presented in Table 2:3; Fig. 2:3A. During the quiescent phase, 

all the three concentrations of corticosterone had no significant in vitro effect on 
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pineal AA-NAT activity. During the progressive, the regressive and the breeding 

phases, all the three concentrations (10-6 M, 10-5 M and 10-4 M) of corticosterone 

significantly decreased pineal AA-NAT activity in a dose-dependent manner. 

Regression analysis of the data revealed strong negative correlation between the 

doses of corticosterone and pineal AA-NA T activity during all four phases of the 

breeding cycle of the fish. 

Effects of cortisol 

The data are presented in Table 2:3; Fig. 2:3B. During the regressive and the 

quiescent phases, in vitro treatment of the fish pineals with 10-5 M and 10-4 M 

cortisol solutions significantly decreased AA-NAT activity, but 10-6 M concentration 

of cortisol produced no significant effect on the enzyme activity. However, during 

the progressive and the breeding phases, all the three concentrations (10-6 M, 10-5 M 

and 10-4 M) of cortisol significantly decreased AA-NAT activity in a dose-dependent 

manner. Regression analysis ofthe data revealed strong negative correlation between 

the doses of cortisol and pineal AA-NA T activity during all four phases of the 

breeding cycle of the fish. 

DISCUSSION 

In the present study, regression analysis indicates that all the gonadal steroids 

and corticosteroids inhibited pineal AA-NAT activity in a dose-dependent manner 

during all phases of the breeding cycle of the fish. However, the degree of inhibition 

of AA-NAT activity (in terms of %) seems to depend on the hormone and 
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phase/season. Accordingly, AA-NAT activity was comparatively more sensitive to 

the inhibitory effects of the gonadal hormones (testosterone, 17~-estradiol, estriol 

and estrone) during the regressive phase and less sensitive during the quiescent 

phase. However, the enzyme activity was more sensitive to the inhibitory effects of 

corticosteroid hormones (corticosterone and cortisol) during the breeding phase and 

less sensitive during the quiescent phase. Further, testosterone and 17~-estradiol 

were found to be more effective in inhibiting AA-NAT activity as compared to 

estriol. Estrone significantly inhibited the enzyme activity only during the regressive 

phase. AA-NAT activity in the fish pineal seems to be equally sensitive to the 

inhibitory effects of corticosterone and cortisol. These findings seem to suggest that 

the sensitivity of AA-NAT activity for inhibitory effects of different steroid 

hormones is different, and changes with the phase of the breeding cycle/seasons. The 

observed phase/season-dependent differential increase and decrease in the sensitivity 

of pineal AA-NA T activity to the steroid hormones may play an important role in 

shaping circannual variations in AA-NAT activity and melatonin synthesis in the 

fish. Melatonin has been reported to influence gonadal activity in a number of fish 

species (Urasaki, 1972b,c; de Vlaming et al., 1974; Nayak and Singh, 1987; Garg, 

1989; Amano et al., 2004). These reports and present findings, when considered 

together, indicate that testis and pineal interact with each other through testosterone 

and melatonin, respectively, and testis-pineal axis might be involved in regulation of 

circannual events. To the best of our knowledge, the present study seems be the first 

of its kind in which effects of gonadal hormones and corticosteroids on AA-NAT 
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activity have been studied in the photoreceptive pineal of a fish during different 

phases of the breeding cycle. 

Melatonin receptors are reportedly present in the gonads of mammals 

(Valenti et at., 1997; Xi et at., 2000; Soares et aI., 2003; Frungieri et at., 2005) and 

birds (Ayre and Pang, 1994). Melatonin has also been reported to inhibit androgen 

production in Syrian hamster (Frungieri et ai., 2005) and testosterone secretion from 

rat testis (Valenti et ai., 1997; Valenti and Giusti, 2002). Further, receptors for 

gonadal steroids have been reported in the pineal of mammals (Haldar and Gupta, 

1990; Gupta et at., 1993; Luboshitzky et at., I 997a,c ). The presence of receptors and 

aromatizing enzymes in mammalian pineal indicates that the pineal is under direct 

control of steroid hormones (Haldar and Vidhu, 1997). There are also reports on the 

inhibitory effects of various gonadal steroids on enzyme(s) of melatonin biosynthesis 

pathway in the pineals of mammals (Karasek et at., 1978; Rudeen and Reiter, 1980; 

Cardinali et ai., 1987; Luboshitzky et ai., 1996a,b; Sanchez et ai., 2004), birds 

(Pablos et aI., 1993; Maitra and Dey, 1994) and fishes (Begay et ai., 1993). The 

presence of receptors of gonadal steroids in the pineal of fish species (Begay et at., 

1993,1994; Gonzalez-Martinez et at., 2004) and significant inhibition of AA-NA T 

activity in the fish pineal by the gonadal steroids in the present study suggest that, as 

in the case of the mammalian pineal, the fish pineal is also directly regulated by the 

gonadal hormones. Findings of the present study also indicate that the inhibitory 

effect of gonadal steroid hormones on pineal AA-NAT activity has been conserved 

during the course of evolution. 
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In the present study, the inhibitory effects of the gonadal steroid hormones 

might be due to decrease in cAMP-dependent induction of aa-nat gene leading to 

inhibition of aa-nat mRNA, and AA-NAT protein. It is important to mention that 

estrogen receptor alpha (ERa) is expressed in the fish pineal (Forlano et al., 2005). 

Further, the wide distribution of aromatase enzyme in the fish brain (Forlano and 

Bass, 2005; Forlano et al., 2005) suggest that most parts of the brain can convert 

androgens to estrogens. Therefore, there is a possibility that in the fish brain 

testosterone gets converted to 17~-estradiol, which then acts via ERa and inhibits the 

pineal AA-NAT activity and melatonin secretion. In mammals, steroid hormones 

have been reported to influence adrenergic receptor associated mechanism which 

reduces adenyl cyclase activity and cAMP concentrations in the pineal gland (Weiss 

and Crayton, 1970; Davis, 1978). Whether the inhibitory action of the gonadal 

hormones on AA-NA T activity in the fish pineal is due to changes in adrenergic 

receptor and/or associated pathway(s) remains to be investigated. 

Inhibition of proteasomal enzymes has been reported to increase AA-NA T 

activity in the pineal and/or retina of mammals (Gastel et al., 1998; Schomerus et al., 

2000; Gupta et al., 2005; Terriff et al., 2005), birds (Zatz et al., 2000; Natesan et al., 

2002) and fishes (Falcon et al., 2001). These reports suggest that proteasomal 

enzymes stimulate proteolysis of AA-NAT protein leading to decreased enzyme 

activity. Proteasomes are also present in the human retina (which also synthesizes 

melatonin), where they stimulate apoptosis of photoreceptor cells by stimulating 14-

3-3 degradation (Ikeda and Inoue, 2004; Wenzel et aI., 2005). Estrogen treatment has 
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been reported to increase the expression of estrogen-responsive finger protein (Efp) 

resulting in proteasome-dependent degradation of 14-3-3 sigma protein in MCF7 

cells (Urano et al., 2002). Further, it has also been reported that decline in estrogen 

receptor alpha and Efp leads to increase in 14-3-3 sigma expression in mammals 

(Nakayama et al., 2005) suggesting an inverse correlation between estrogen 

receptors and 14-3-3 protein. It is important to mention that 14-3-3 protein forms a 

complex with AA-NAT and protects it from proteasomal enzymes in mammalian 

pineal and, hence increases AA-NAT activity (Gupta et al., 2005). Therefore, as 

reported in case of mammals (Urano et al., 2002; Ikeda and Inoue, 2004), there is 

also a possibility that 17~-estradiol or testosterone aromatized to 17~-estradiol can 

act via ERa and stimulate degradation of 14-3-3 protein by activating proteasomal 

enzymes in the photoreceptor cells of the fish pineal (Falcon et al., 2001), or 

alternatively can suppress expression of 14-3-3 protein as in case of mammals 

(Nakayama et al., 2005). Estrogen-induced decline in 14-3-3 protein due to increased 

degradation of 14-3-3 protein and/or suppression of 14-3-3 protein expression 

coupled with estrogen-induced activation of proteasomal enzyme via ERa (Forlano 

et al., 2005) can significantly increase degradation of AA-NAT protein resulting in 

decreased AA-NAT activity in the fish pineal. Thus, the inhibitory effects of 

testosterone and estrogens recorded in the present study might be due to increased 

proteasomal proteolysis of 14-3-3 protein as well as of AA-NAT protein. However, 

these possibilities remain to be experimentally established in the fish pineal. 
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In the present study, besides testosterone and estrogens, glucocorticoids also 

significantly inhibited AA-NAT activity in the fish pineal. The presence of 

glucocorticoid receptors has been reported in the pineal gland of tree shrew (Meyer 

et al., 1998), rat (Sarrieau et al., 1998) and fishes (Benyassi et al., 2001). There are 

also reports that glucocorticoids reduce cAMP and inhibit protein synthesis resulting 

in reduced AA-NAT activity in the rat pineal (Yuwiler, 1989). Glucocorticoids have 

also been . reported to activate proteasomes for inducing thymocyte apoptosis 

(Dallaporta et al., 2000; Tonomura et al., 2003). Therefore, the observed inhibition 

of AA-NAT activity in the fish pineal by glucocorticoids may be due to inhibition of 

cAMP formation and/or inhibition of AA-NA T protein synthesis as well as due to 

increased proteasomal proteolysis of AA-NA T protein. In line with the present 

findings, glucocorticoid treatment has been reported to inhibit melatonin secretion in 

the pineal gland of rats (Yuwiler and Brammer, 1981; Troiani et al., 1988; Yuwiler, 

1989; Zhao and Touitou, 1993) and humans (Demisch et al., 1988; Keller et al., 

1997). The presence of glucocorticoid receptors in the pineal gland (Meyer et aI., 

1998; Sarrieau et al., 1998; Benyassi et al., 2001) and melatonin receptors in the 

adrenal cortex (Brown et al., 1994; Pang et al., 1994; Torres-Farfan et al., 2003) 

suggest that pineal and adrenal corticosteroidogenic tissue directly interact with each 

other via their hormones. 

On the basis of the present findings, we suggest that gonadal hormones and 

corticosteroid hormones have direct inhibitory influence on AA-NA T activity and, 

hence melatonin synthesis in the photoreceptive fish pineal. Further, the steroid 

hormones might be inhibiting AA-NAT activity by their action(s) via inhibition of 

cAMP-dependent AA-NA T induction and/or via stimulation of proteasomal 

proteolysis of AA-NAT and/or 14-3-3 proteins. 
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Table 2:1 - Effects of testosterone on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal ofelarias gariepinus during different phases of the 

breeding cycle 

AA-NAT activity (nmol/pineal/hr) 

Experiment Quiescent Progressive Breeding Regressive 
Phase Phase Phase Phase 

Control 1.38 ± 0.09 * 2.15 ± 0.20 2.26 ± 0.10 2.91 ± 0.15 
Testosterone (l 0-6 M) J.17±0.10 1.48 ± 0.07 a 1.72 ± 0.14 a 2.03 ± 0.23 a 

Testosterone (l 0-5 M) 0.90 ± 0.12 a 1.34 ± 0.14 a 1.40 ± 0.20 
b 1.60 ± 0.16 c 

Testosterone (l 0-4 M) 0.82 ± 0.12 a 1.16 ± 0.08 b 0.86 ± 0.18 c, d 1.12 ± 0.22 c, d 

Correlation coefficient (r) -0.95 -0.92 -0.99 -0.98 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b, c Differ significantly from the respective control group: p < 0.05, 0.02 and 

0.01, respectively. 

d Differs significantly from the respective 10-6 M treated group: p < 0.02. 



Table 2:2 - Effects of estrogens on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases of the 

breeding cycle 

SI. 
AA-NAT activity (nmollpineallhr) 

No. Experiment Quiescent Progressive Breeding Regressive 
Phase Phase Phase Phase 

1. Control 2.20 ± 0.l4 2.08 ± 0.l5 3.08 ± 0.24 1.55 ± 0.l8* 
17 ~-estradiol (1 O-{i M) 1.48 ± 0.15 1.73 ± 0.14 1.46 ± 0.12 a 2.08 ± 0.19 a 

17 p-estradiol (10.5 M) 1.32 ± 0.1 0 1.66 ± 0.09 a 1.27 ± 0.1 0 
b 

1.61±0.15
c 

17 ~-estradiol (104 M) 0.96 ± 0.08 a 1.33 ± 0.11 c 0.93 ± 0.l5 C 1.33 ± 0.16 c,d 

Correlation coefficient (r) -0.94 -0.96 -0.97 -0.96 

2. Control 1.65 ± 0.04 2.20 ± 0.l4 2.08 ± 0.15 3.08 ± 0.24 

Estriol (1 O-{i M) ] .51 ± 0.06 2.04 ± 0.16 1.37 ± 0.25 2.35 ± 0.23 

Estriol (10-5 M) 1.45 ± 0.07 1.96 ± 0.07 1.01 ± 0.20 a 
b 1.85 ± 0.19 

Estriol (104 M) 1.31 ± 0.l1 a 1.62 ± 0.12 a b 1.51 ± 0.17 C 0.79 ± 0.16 

Correlation coefficient (r) -0.98 -0.96 -0.96 -0.98 

3. Control 1.65 ± 0.04 2.20 ± 0.l4 2.08 ± 0.15 3.08 ± 0.24 
Estrone (10-6 M) 1.56 ± 0.l1 2.15 ± 0.07 1.97 ± 0.l8 2.36 ± 0.12 
Estrone (10-5 M) 1.45±0.13 1.99 ± 0.08 1.81 ± 0.15 2.07 ± 0.14 a 
Estrone (104 M) 1.39 ± 0.l3 1.73 ± 0.16 1.49 ± 0.08 a b 

1.81 ±0.l6 

Correlation coefficient (r) -0.99 -0.95 -0.97 -0.96 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b, C Differ significantly from the respective control group: p < 0.05, 0.02 and 

0.01, respectively. 

d Differs significantly from the respective 1O-6 M treated group: p < 0.05. 



Table 2:3 - Effects of corticosteroids on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal ofe/arias gariepinus during different phases of the 

breeding cycle 

SI. 
AA-NAT activity (nmollpineallhr) 

No. Experiment Quiescent Progressive Breeding Regressive 
Phase Phase Phase Phase 

Control 1.65 ± 0.27* 2.20± 0.14 2.56 ± 0.19 2.91±0.15 1. 
Corticosterone (10-6 M) 

b 2.35 ± 0.06 a 1.30 ± 0.15 1.69±0.09
a 1.53±0.17 

Corticosterone (10.5 M) 1.28 ± 0.13 b 1.50 ± 0.03 c 2.19 ± 0.10 a 1.52± 0.10 
Corticosterone (10-4 M) 1.15 ± 0.13 b 1.35 ± 0.09 c 

b 
1.47 ± 0.09 2.00 ± 0.17 

Correlation coefficient (r) -0.91 -0.91 -0.86 -0.95 

2. Control 1.65 ± 0.12 2.20 ± 0.20 2.56 ± 0.19 2.91 ± 0.15 

Cortisol (10.6 M) 1.39 ± 0.10 1.72 ± 0.09 a 1.59 ± 0.18 a 2.25 ± 0.19 

Cortisol (10.5 M) 1.18 ± 0.10 a b b 2.05 ± 0.21 a 1.52± 0.07 1.51 ± 0.18 
Cortisol (10-4 M) 1.12±0.11 a 1.37 ± 0.07

c b b 
1.39 ± 0.20 1.79 ± 0.21 

Correlation coefficient (r) -0.96 -0.93 -0.86 -0.80 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b, c Differ significantly from the respective control group: p < 0.05, 0.02 and 

0.01, respectively. 
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Fig. 2:1 - Effects of testosterone on arylalkylamine N- acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases of the 

breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b, C Differ significantly from their respective control group: p < 0.05, 0.02 

and 0.01, respectively. 

d Differs significantly from the treated lcf M group: p < 0.05. 
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Fig. 2:2A - Effects of 1713-estradiol on arylalkylamine N- acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases of the 

breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b, C Differ significantly from their respective control group: p < 0.05, 

0.02 and 0.01, respectively. 

d Differs significantly from the treated lcf M group: p < 0.05. 
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Fig. 2:2B - Effects of estriol on arylalkylamine N- acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases 

of the breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b, C Differ significantly from their respective control group: p < 0.05, 

0.02 and 0.01, respectively. 



5 

r=-99 

Quiescent 

phase 

r=-95 

Progressive 

phase 

r=-97 

Breeding 

phase 

CJ Control 

E22l 10-6 M Estrone 

~ 10-5 M Estrone 

E:3 10-4 M Estrone 

r=-96 

Regressive 

phase 

Fig. 2:2C -Effects of estrone on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases 

of the breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b Differ significantly from their respective control group: p < 0.05 

and 0.02, respectively. 
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Fig. 2:3A - Effects of corticosterone on arylalkylamine N-acetyltransferase 

(AA-NAT) activity in the pineal of Clarias gariepinus during 

different phases of the breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b, C Differ significantly from their respective control group: p < 0.05, 

0.02 and 0.01, respectively. 
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Fig. 2:3B - Effects of cortisol on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases 

of the breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

It, b, C Differ significantly from their respective control group: p < 0.05, 

0.02 and 0.01, respectively. 



CHAPTER-3 

In vitro effects of indo lea mines and leptin on arylalkylamine 

N-acetyltransferase (AA-NAT) activity in the fish pineal during 

different phases of the breeding cycle 

INTRODUCTION 

The daily rhythm in indoleamine metabolism is characteristics of the pineal 

gland and a notable feature of vertebrate circadian physiology. The switch between 

the day and night profiles of pineal indoleamines (serotonin, N-acetylserotonin and 

melatonin etc.) are driven by changes in the activity of arylalkylamine 

N-acetyltransferase (AA-NAT) (Klein and Weller, 1970; Klein et ai, 1997). In 

mammals, the presence of indoleamine receptors has been reported in the pineal 

gland (Govitrapong et ei., 1991; Olcese and Munker, 1994; Sterado et ai., 2000) as 

well as in the retina (Dubocovich, 1985; Brunken and Jin, 1993; Jin and Brunken, 

1998; Pootanakit et ai., 1999, 2001; Scher et aI., 2002). In non-mammalian 

vertebrates, receptors for indoleamines have been reported in the retina of birds 

(luvone and Gan, 1994; Natesan and Cassone, 2002; Rada and Wiechmann, 2006), 

amphibians (Wiechmann et ai., 2003), and fishes (Bayarri et ai., 2004; Ribelayga 

et aI., 2004). 

The pathway of melatonin synthesis is influenced by the indoleamines in 

mammalian pineal. Melatonin has been reported to act directly on the pinealocytes of 
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rats, and to increase AA-NA T activity and HIOMT activity in a dose-dependent 

manner (Freire and Cardinali, 1975). In vitro treatment with melatonin was reported 

to increase the concentration of serotonin (5-hydroxytryptamine or 5-HT) in the rat 

pineal (Miguez et al., 1995). Subcutaneous injection of melatonin increased 

melatonin secretion from the rat pineal (Bothorel et al., 2002). In cultured rat 

pinealocytes, 5-HT acts via S2-type receptors and increases AA-NAT activity and 

melatonin secretion (Sugden, 1990; Olcese and Munker, 1994). Further, 5-HT acts 

via 5-HT2C receptors and stimulates AA-NAT activity and melatonin synthesis in the 

rat pineal (Sterado et aZ, 2000). 

The mammalian pinealocytes also contain receptors for leptin (Chelikani et 

aZ., 2003). Leptin receptors are also found in different parts of the fish brain (Johnson 

et aZ., 2000). In mammals, leptin has been reported to participate in multiple 

regulatory mechanisms such as energy expenditure and metabolism, cell proliferation 

and differentiation, as well as in signal interaction with other hormonal regulators of 

energy metabolism (Friedman, 2002; Margetic et al., 2002). In mice, leptin has been 

reported to increase hypothalamic pro-opiomelanocortin mRNA expression in the 

rostral acurate nucleus (Schwartz et aZ., 1997). Further, leptin was reported to rapidly 

induce the AA-NAT activity in the hypothalamus of mice (Guo et aZ., 2004). In fishes, 

administration of leptin has been reported to reduce food intake, body weight gain 

and growth rate (Volkoff et aI., 2003; de Pedro et al., 2006). In vitro treatment of 

leptin reportedly stimulated thyrotropin mRNA levels in a dose-dependent manner in 

the pituitary of carp (Chowdhury et aZ., 2004). Murine leptin injection has been 
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reported to increase intracellular fatty acid binding protein in green sunfish, Lepomis 

cyanellus (Londraville and Duvall, 2002). Notwithstanding these reports on the 

physiological action of leptin in fish species, there is practically no information on 

the role of leptin in the regulation/modulation of AA-NAT activity and/or melatonin 

synthesis in any fish species. Therefore, it was thought worthwhile to investigate in 

vitro effects of indoleamines on AA-NA T activity during different phases of the 

annual breeding cycle as well as in vitro effects of leptin on AA-NA T activity in the 

pineal of air-breathing catfish, Clarias gariepinus during summer and winter with 

special reference to feeding status. 

MATERIALS AND METHODS 

For this study, adult male Clarias gariepinus were purchased from the local 

fish suppliers and maintained in plastic tubs and acclimatized for 15 days in the 

laboratory under natural climatic conditions. During acclimatization, the fishes were 

fed daily with minced earthworms and commercial fish food ad libitum. Water was 

changed everyday to avoid infections. In order to collect pineal, the fishes were 

decapitated in complete darkness under dim red light and the pineals were rapidly 

removed, washed in culture medium (DMEM) and 8 pineals were placed in each 

well of the multi-well culture plate (Coming Cell Wells, New York, USA) for organ 

culture and treatment with indoleamines. 
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To study the effects of leptin on AA-NAT activity, in vitro experiments was 

conducted during summer and winter seasons. The acclimatized fishes were divided 

into two groups of thirty-two animals each and kept separately in plastic tubs. One 

group of the fish was fed daily with minced earthworm and fish meal for a period of 10 

days, while the other group was fasted for equal number of days. After ten days, the 

fishes of both the groups were decapitated in darkness under dim red light and the 

pineals were rapidly removed, and 8 pineals were placed in each well of the multi­

well culture plate containing culture medium for organ culture. 

Pineal organ culture 

The pineals were pre-incubated for one hour, after which the medium was 

removed and replaced with the medium containing desired concentration of the 

hormones. The pineals were then incubated for 6 hours at 25lJ C in an atmosphere of 

85% O2, 5% CO2 and 95% relative humidity with the help of 02-C02 gas incubator 

(Heraeus: Cytoperm, Germany). Pineals incubated in DMEM without any hormones 

were treated as control. 

The pineals maintained in organ culture were treated in vitro with the 

indoleamines and leptin as indicated in the following experimental protocol: 
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Experimental protocol 

Experiments Hormones Concentration Time of 
of Hormone Ex~eriment 

1. In vitro effects of a) 5-Hydroxytryptophan 10-6 M, 10--' M Quiescent 
indoleamines on b) Serotonin and 10-4 M of (F ebruary), 
AA-NA T activity c) N-Acetylserotonin each hormone Progressive (April), 

d) Melatonin 
Breeding (August), 
and Regressive 
(November) phases 

2. In vitro effects of Leptin 1 Ilg/ml, 21lg/ml Summer (July) 
leptin on AA-NA T and 51lg/ml and 
activity Winter (January) 

After incubation, the pineals were removed and placed in numbered 

Eppendorf tubes, which were immediately frozen in liquid nitrogen for the 

measurement of AA-NAT activity. 

Measurement of pineal arylalkylamine N-acetyltransferase (AA-NAT) activity 

Arylalkylamine N-acetyltransferase (AA-NA T) activity was measured with 

the help of radio-enzymatic assay as described by Deguchi and Axelrod (1972) with 

slight modifications. For the measurement of AA-NAT activity, the pineals were 

sonicated in 75 III of homogenization buffer. 15 III samples (in duplicate) of the 

sonicated pineals were incubated with 5 III of the reaction for 20 min at 25° C. At the 

end of the incubation period, 100 III of borate buffer was added to stop the reaction. 

In order to extract acetylated tryptamine, extraction solution was added to the tubes 

and rotated in a rotary mixer (Stuart Scientific, U. K) for 15 minutes, and then 
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centrifuged at 3000 rpm for 5 minutes. Two ml of the upper phase of the mixture 

was transferred to a scintillation vial containing 5 ml of scintillation fluid. The 

radioactivity in each sample was counted with the help of a liquid scintillation 

counter (Wallace-1409). After calculations, AA-NAT activity was expressed as 

nmol/pineallhour. The data were analyzed statistically with the help of Student's 't' 

test and regression analysis. A p < 0.05 was considered as significant. 

RESULTS 
1. In vitro effects of indoleamines on AA-NAT activity 

a) Effects of 5-hydroxytryptophan 

The data are presented in Table 3: IA; Fig. 3: IA. During the quiescent phase, 

in vitro treatment of the fish pineal with only 10-4 M concentration of 5-

hydroxytryptophan stimulated AA-NAT activity significantly, while the other two 

lower doses had no effect. However, during the progressive phase, all the three 

concentrations of 5-hydroxytryptophan (10-6 M, 10-5 M, and 10-4 M) significantly 

increased pineal AA-NAT activity in the fish pineal. During the breeding and the 

regressive phases, in vitro treatment of the fish pineal with only 10-5 M and 10-4 M 

(but not 10-6 M) concentrations of 5-hydroxytryptophan significantly increased AA­

NAT activity. Regression analysis of the data indicated a positive correlation 

between the doses of 5-hydroxytryptophan and pineal AA-NA T activity during all 

four phases of the breeding cycle of the fish. 
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b) Effects of serotonin 

The data are presented in Table 3:IB; Fig.3:IB. During the quiescent phase, 

in vitro treatment with only 10-4 M concentration of serotonin significantly increased 

AA-NAT activity, while 10-6 M and 10-5 M concentrations of serotonin had no 

significant effect on the enzyme activity. During the progressive and the breeding 

phases, only 10-5 M and 10-4 M concentrations of serotonin significantly increased 

AA-NAT activity. During the regressive phase, however, all the three concentrations 

(1O-{i M, 10-5 M, and 10-4 M) of serotonin significantly increased the enzyme activity. 

Regression analysis of the data indicated a positive correlation between the doses of 

serotonin and pineal AA-NAT activity during all the four phases of the breeding 

cycle of the fish. 

c) Effects of N- Acetyiserotonin 

The data are presented in Table 3:1C; Fig. 3:1C. During all the four phase of 

the breeding cycle, only 10-5 M and 10-4 M concentrations of N-acetylserotonin 

significantly increased AA-NAT activity in the fish pineal, while 1O-{i M 

concentration of the indoleamine did not produce any significant effect on the 

enzyme activity. Regression analysis of the data indicated a positive correlation 

between the doses ofN-acetyl-serotonin and pineal AA-NAT activity during all the 

four phases of the breeding cycle of the fish. 
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d) Effects of melatonin 

The data are presented in Table 3:10; Fig. 3:10. Irrespective of the phase of 

the breeding cycle, all the three concentrations (10-6 M, 10-5 M and 10-4 M) of 

melatonin significantly increased AA-NAT activity. Regression analysis of the data 

indicated a positive correlation between the doses of melatonin and pineal AA-NA T 

activity during all the four phases of the breeding cycle of the fish. 

2. In vitro effects of leptin on AA-NAT activity 

The data are presented in Table 3:2; Fig. 3:2. Irrespective of the seasons, in 

vitro treatment with 2 Jlg/ml and 5 Jlg/ml concentrations of leptin significantly 

increased AA-NAT activity in the pineal of the fed fishes, while 1 Jlglml leptin had 

no significant effect on the enzyme activity. However, leptin did not produce any 

significant effect on pineal AA-NA T activity in the pineal of the fasted fishes 

irrespective of the doses and seasons. Regression analysis of the data indicated a 

strong positive correlation between the doses of leptin and pineal AA-NA T activity 

irrespective of seasons and feeding status. 

DISCUSSION 

In the present study, regression analysis indicated a positive correlation 

between the doses of the indoleamines and AA-NAT activity suggesting that the 

indoleamines stimulate pineal AA-NA T activity in a dose-dependent manner during 

all the phases of the breeding cycle of the fish, Clarias gariepinus. However, the 

degree of stimulation of AA-NA T activity seems to depend on the phases of the 
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breeding cycle and/or the seasons. The sensitivity of AA-NAT activity to 5-

hydroxytryptophan was comparatively higher during the progressive phase and lower 

during the quiescent phase. Serotonin was comparatively more stimulatory during 

the regressive phase and less during the quiescent phase. The sensitivity of AA-NA T 

activity to N-acetylserotonin and melatonin did not change during the different 

phase. It, thus, seems that the sensitivity of AA-NA T activity for stimulatory effects 

of 5-hydroxytryptophan and serotonin depends on the phases/ seasons, while the 

enzyme sensitivity for N-acetylserotonin and melatonin remains similar throughout 

the year. 

The findings of present study seem to suggest that the indoleamines are 

actively involved in the regulation of AA-NAT activity, and hence melatonin 

synthesis in the fish pineal. The stimulatory effects of the indoleamines on AA-NAT 

activity seem to indicate that the indoleamines might be acting either as substrates or 

hormones (autocrine/paracrine) for the stimulation of AA-NAT in the fish pineal. It 

is important to mention that the photosensory pineal of the fish consists of 

photoreceptors cells which perceive light as well as synthesis melatonin, and, thus, 

resembles in structure and function with the vertebrate retina. It is noteworthy that 

melatonin receptors are present in the retina of fishes (Bayarri et aI., 2004; Ribelayga 

et al., 2004), amphibians (Wiechmann et al., 2003), birds (Iuvone and Gan, 1994; 

Natesan and Cassone, 2002; Rada and Wiechmann, 2006) and mammals 

(Dubocovich, 1985; Scher et aI., 2002). Similarly, serotonin receptors are reportedly 

present in both pineal (Govitrapong et al., 1991; OJcese and Munker, 1994; Sterado 
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et al., 2000) and retina (Brunken and Jin, 1993; Pootanakit et al., 1999) of mammals. 

Thus, the widespread presence of the receptors of both melatonin and serotonin in 

retina as well as pineal of vertebrates and the present finding, when considered 

together, seem to suggest that serotonin and melatonin act as hormones and play an 

important role in the regulation of AA-NA T activity and melatonin synthesis in the 

fish pineal. 

It is noteworthy that <l2-adrenergic receptors (<l2-AR) are present in the 

photoreceptive chick pineal (Pratt and Takahashi, 1987; Voisin et al., 1990b; Rudeen 

et al., 1990) and retina of vertebrates (Matsuo and Cynader, 1992; Wheeler et al., 

1999; Lai et al., 2002; Kalapesi et al., 2005), and melatonin has been reported to act 

via <l2-AR (Martensson and Andersson, 1997, 1999, 2000; Aspengren et al., 2003). 

Further, agonists of <l2-AR have been reported to increase cAMP and AA-activity in 

the avian pineal. Therefore, there is a possibility that, in addition to its own 

receptors, melatonin also acts via <l2-AR and stimulates AA-NAT activity and 

melatonin synthesis via cAMP forming pathway in the fish pineal. This possibility, 

however, remains to be investigated. 

The conversIOn of tryptophan to 5-hydroxy-tryptophan (5-HTP) by the 

enzyme tryptophan hydroxylase is the rate-limiting step in the synthesis of serotonin 

(Snyder et al., 1965; Ichinose and Nagatsu, 1993; Meyers, 2000). 5-HTP has been 

reported to stimulate both synthesis and secretion of serotonin and its metabolites 

(N-acetylserotonin and melatonin) in the mammalian pineal (Sugden et ai., 1985; 
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Ferretti et at., 1990; McIntyre and Oxenkrug, 1991; Meyers, 2000). In vivo 

administration of 5-HTP has also been reported to stimulate melatonin levels in the 

chick retina in a dose-dependent manner (Thomas et at., 1998). In conformity with 

the earlier reports, in the present study also 5-hydroxytryptophan stimulated pineal 

AA-NAT activity in a dose-dependent manner irrespective of seasons and phases of 

the annual breeding cycle. It, thus, seems that 5-HTP is also involved in regulation of 

AA-NAT activity in the fish pineal. 5-HTP can stimulate AA-NAT activity in the 

fish pineal by stimulating both synthesis and release of serotonin (Young and 

Gauthier, 1981; Meyers, 2000), which then probably acts as a hormone via its 

receptors and stimulates AA-NAT activity and melatonin synthesis in the fish pineal 

(Ceinos et at., 2005) as reported in the mammalian pineal (Sugden, 1990; Sterado et 

at., 2000). 

N-Acetylserotonin (NAS) has been reported to stimulate melatonin synthesis 

in a dose-dependent manner in the rat pineal (Oxenkrug and Requintina, 1994). It is 

important to mention that NAS can act via melatonin receptors (MT1, MT2 and 

MT3) in various tissues of fishes (Bayarri et at., 2004), amphibians (Filadelfi and 

Castrucci, 1996), and mammals (Nonno et aI., 1999; Oxenkrug, 2005), and hence 

acts as a hormone. Therefore, it seems that, as in the case of serotonin and melatonin, 

NAS also acts as a hormone and stimulated AA-NA T activity in the fish pineal by 

acting probably via melatonin receptors. In addition, increased availability of NAS 

may also lead to its increased conversion to melatonin by the enzyme HIOMT. 
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Besides indoleamines, leptin also increased pineal AA-NA T activity 

significantly in a dose-dependent manner only in the pineal of the fed fishes (but not 

of the fasted fishes) during both summer and winter seasons. As evident from the 

insignificant but dose-dependent effect on AA-NA T activity, food restriction seems 

to reduce the effect of leptin on AA-NAT activity. These finding seem to suggest 

that the sensitivity of pineal AA-NAT activity to leptin is dependent on seasons and 

feeding status of the fish. Further, the feeding status seems to act as switch for the 

action of leptin on AA-NAT activity in the fish pineal. Leptin receptors have been 

reported in the pineal gland of mammals (Couce et ai., 1997; Dal Farra et ai., 2000; 

Chelikani et ai., 2003) as well as in the brain of fishes (Johnson et ai., 2000). Leptin 

has also been reported to significantly increase cAMP levels in cultured porcine 

adrenal medullary chromaffin cells (Takekoshi et ai., 1999), and N-acetyl-transferase 

activity in mice pro-opiomelanocortin (POMC) neurons (Guo et ai., 2004). 

Therefore, the observed stimulation of AA-NA T activity in the fish pineal by leptin 

might be due to leptin-induced increase in cAMP formation leading to increased AA­

NAT activity. 

On the basis of the present findings, it can be suggested that pineal 

indoleamines and leptin have a direct stimulatory effect on AA-NAT activity, and 

hence melatonin synthesis in the photoreceptive fish pineal. To the best of our 

knowledge, this study seems to be the first of its kind in which the role of 

indoleamines and leptin in regulation of AA-NAT activity has been established in 

the pineal of any fish species. 
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Table 3:1A - Effects of5-hydroxytryptophan on arylalkylamine N-acetyltransferase 

(AA-NAT) activity in the pineal ofe/arias gariepinus during different 

phases ofthe breeding cycle 

AA-NAT activity (nmol/pineal/hr) 

Experiment Quiescent Progressive Breeding Regressive 
Phase Phase Phase Phase 

Control 1.63 ± 0.07* 2.15 ± O.OS 2.36±0.06 2.59 ± 0.17 
5-Hydroxytryptophan (l 0-6 M) 1.72 ± 0.10 2.62 ± 0.13 a 2.52 ± 0.17 2.86 ± 0.09 
5-Hydroxytryptophan (l0-5 M) 1.97 ± 0.08 2.71 ± 0.12 b 2.76 ± 0.12 a 3.38 ± 0.13 a 

5-Hydroxytryptophan (l 0-4 M) 2.10 ± 0.13 a 2.84 ± 0.15 b 2.S0± 0.09 b 

Correlation coefficient (r) 0.98 0.92 0.97 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b Differ significantly from the respective control group: p < 0.05 and 0.02, 

respectively. 

3.49 ± 0.13 b 

0.97 



Table 3:1B - Effects of serotonin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal ofClarias gariepinus during different phases of the 

breeding cycle 

AA-NAT activity (nmoVpineaVhr) 

Quiescent Progressive Breeding Regressive 
Experiment Phase Phase Phase Phase 

Control l.63 ± 0.07 * 2.l5 ± 0.20 2.08 ± 0.15 2.59 ± 0.26 
Serotonin (10-6 M) l.71 ± 0.11 2.47 ± 0.16 2.53 ± 0.19 3.67 ± 0.11 
Serotonin (l 0-5 M) 1.80 ± 0.15 2.88 ± 0.09 a 2.76 ± 0.16 a 3.84±0.19 
Serotonin (10-4 M) 2.01 ± 0.09 a 2.82 ± 0.12 a 2.79 ± 0.16 a 3.81 ± 0.15 

Correlation coefficient (r) 0.96 0.92 0.92 0.82 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b Differ significantly from the respective control group: p < 0.05 and 0.02, 

respectively. 

b 

b 

b 



Table 3:1C - Effects ofN-acetylserotonin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal ofe/arias gariepinus during different phases of the 

breeding cycle 

AA-NAT activity (nmollpineallhr) 

Experiment Quiescent Progressive Breeding Regressive 
Phase Phase Phase Phase 

Control 1.63 ± 0.07 * 2.15 ± 0.20 2.08 ± 0.15 2.59 ± 0.13 
N-Acetylserotonin (10-6 M) 1.86 ± 0.06 2.57 ± 0.11 2.54±0.1O 2.74 ± 0.17 

N-Acetylserotonin (10-5 M) 2.09 ± 0.05 c 2.80 ± 0.06 a 
b 3.04 ± 0.08 a 2.80 ± 0.18 

N-Acetylserotonin (10-4 M) 2.24 ± 0.08 c 2.91 ± 0.08 a 2.99 ± 0.12 c 3.16 ± 0.09 a 

Correlation coefficient (r) 0.99 0.96 97 98 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b, C Differ significantly from the respective control group: p < 0.05, 0.02 and 0.01, 

respecti ve Iy. 



Table 3:1D - Effects of melatonin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal ofC/arias gariepinus during different phases of the 

breeding cycle 

AA-NAT activity (nmollpineallhr) 

Quiescent Progressive Breeding Regressive 
Experiment Phase Phase Phase Phase 

Control 1.63 ± 0.07 * 2.15 ± 0.09 2.08 ± 0.15 2.59 ± 0.26 
Melatonin (l0-6 M) 1.98 ± 0.09 a 2.56 ± 0.08 a 2.61 ± 0.07 a 3.37 ± 0.10 a 

Melatonin (l 0-5 M) 2.05 ± 0.09
a 2.60 ± 0.08 a 2.78 ± 0.14 a 3.55 ± 0.20 a 

Melatonin (l 0-4 M) 2.10 ± 0.12 a 2.70 ± 0.10 b 2.89 ± 0.l2 a 3.59 ± 0.10 a 

Correlation coefficient (r) 0.89 0.90 0.93 0.87 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b Differ significantly from the respective control group: p < 0.05 and 0.02, 

respectively. 



Table 3:2 - Effects leptin on arylalkylamine N-acetyltransferase (AA-NAT) activity in 

the pineal of fed and fasted Clarias gariepinus during summer and winter 

seasons 

AA-NA T activity (nmol/pineal/hr) 

Experiment Summer Winter 

Fed Fasted Fed Fasted 

Control 2.59 ± 0.13 * 4.04 ± 0.25 1.53 ± 0.18 2.87 ± 0.29 
Leptin (1 flg/ml) 3.41 ±0.34 4.40 ± 0.33 1.81 ±0.27 2.15 ± 0.20 
Leptin (2flg/ml) 4.55 ± 0.41 b 4.50 ± 0.20 2.33 ± 0.16 a 2.29 ± 0.21 
Leptin (5flg/ml) 5.06 ± 0.22 c,d 4.71 ± 0.36 2.55 ± 0.15 b 2.61 ± 0.18 

Correlation coefficient (r) 0.99 0.97 0.83 0.98 

* All values are expressed as mean ± standard error (S.E.); N = 4. 

a, b, c Differ significantly from the respective control group: p < 0.05, 0.02 and 

0.01, respectively. 

d Differs significantly from the respective 1 flg/ml treated group: p < 0.02. 



5 

r= 98 

Quiescent 

phase 

r= 92 

Progressive 

phase 

D Control 

E22]lO-6 M 5-Hydroxytryptophan 

~ 10-5 M 5-Hydroxytryptophan 

E:3 10-4 M 5-Hydroxytryptophan 

r=97 

Breeding 

phase 

r= 97 

Regressive 

phase 

Fig. 3:1A - Effects of5-hydroxytryptophan on arylalkylamine N-acetyltransferase 

(AA-NAT) activity in the pineal of Clarias gariepinus during different 

phases ofthe breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b Differ significantly from their respective control group: p < 0.05 

and 0.02, respectively. 
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Fig. 3:1B - Effects of serotonin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinusduring different phases of 

the breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b Differ significantly from their respective control group: p < 0.05 

and 0.02, respectively. 
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Fig. 3:1C - Effects ofN-acetylserotonin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases of the 

breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b, C Differ significantly from their respective control group: p < 0.05, 

0.02 and 0.01, respectively. 
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Fig. 3:1D - Effects of melatonin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of Clarias gariepinus during different phases of 

the breeding cycle. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b Differ significantly from their respective control group: p < 0.05 

and 0.02, respectively. 



SUMMER 

r=99 

b 
c,d 

--, -
-

Fed 

WINTER 

r= 83 

b 

o 
Fed 

r=97 

T T 

Fasted 

r=98 

Fasted 

o Control 

I2Za 1 !Jg/ml Leptin 
~ 21lg/ml Leptin 
B 51lg/ml Leptin 

Fig. 3:2 - Effects ofleptin on arylalkylamine N-acetyltransferase (AA-NAT) 

activity in the pineal of fed and fasted Clarias gariepinus during 

summer and winter seasons. 

All values are expressed as mean ± standard error (S. E.); N = 4. 

a, b, C Differ significantly from their respective control group: p < 0.05, 

0.02 and 0.01, respectively. 

d Differs significantly from the treated 1llg/ml group: p < 0.05. 



CHAPTER-4 

SUMMARY AND CONCLUSIONS 

Arylalkylamine-N-acetyltransferase (AA-NA T) is the rate-limiting enzyme in 

the biosynthesis of melatonin. In the mammalian pineal, the diurnal rhythm of AA­

NA T activity is regulated primarily by adrenergic mechanism, and other hormones 

have been reported to produce modulatory effects on the enzyme. However, there is 

practically no information on the role of hormones other than norepinephrine in the 

regulation of AA-NAT activity in the photoreceptive fish pineal. Therefore, keeping 

in view the scarcity of information on the role of gonadal steroids, corticosteroids, 

indoleamines and leptin in the regulation of AA-NA T activity in the fish pineal, a 

comprehensive study was undertaken to study the in vitro effects of these hormones 

on AA-NA T activity in the photoreceptive pineal of an air-breathing catfish, Clarias 

gariepinus during different phases of its breeding cycle. 

The present Ph. 0 dissertation has been divided into four chapters. A brief 

summary of the chapters has been given below. 

Chapter 1 - Materials and methods 

This chapter deals with the details of the experimental animal, experimental 

conditions, tissue culture of the fish pineal, mode of treatments, methods used for 

measurement of pineal AA-NA T activity and the biostatistical methods used for 

analyzing the data. 
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Chapter 2 - In vitro effects of gonadal steroids and corticosteroids on arylalkyl­

amine-N-acetyltransferase (AA-NAT) activity in the fish pineal 

during different phases of the breeding cycle 

This chapter deals with the study of in vitro effects of different 

concentrations of androgen (testosterone), estrogens (l7-P estradiol, estriol and 

estrone) and corticosteroids (corticosterone and cortisol) on AA -NAT activity in the 

fish pineal during quiescent, progressive, breeding and regressive phases of the 

annual breeding cycle. The major findings of the experiments included in this chapter 

are mentioned below: 

1. Testosterone inhibited pineal AA-NA T activity in a dose-dependent manner 

during all the phases of the annual breeding cycle. 

2. 17p-estradiol and estriol inhibited the enzyme activity In a dose-dependent 

manner during all the four phases of the breeding cycle. 

3. Estrone significantly inhibited the enzyme activity only during the breeding and 

the regressive phases but not during the quiescent and the progressive phases. 

4. 17p-estradiol was found to be more effective in inhibiting AA-NA T activity as 

compared to estriol and estrone. 

5. AA-NAT activity was comparatively more sensitive to the inhibitory effects of 

the gonadal hormones (testosterone, 17p-estradiol, estriol and estrone) during the 

regressive phase and less sensitive during the quiescent phase. 
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6. Corticosterone and cortisol decreased pineal AA-NA T activity in a dose­

dependent manner during all the phases of the breeding cycle except during the 

quiescent phase, where none of the doses of corticosterone had any significant 

effect on the enzyme activity. 

7. AA-NA T activity was more sensitive to the inhibitory effects of corticosterone 

and cortisol during the breeding phase and less sensitive during the quiescent 

phase. 

8. Regression analysis indicated a negative correlation between the doses of each 

steroid hormone and pineal AA-NAT activity. 

Present findings seem to indicate that various gonadal steroids and 

corticosteroids inhibit the pineal AA-NA T activity in the photoreceptive fish pineal 

during different phases of the annual breeding cycle. However, the degree of steroid 

hormone-induced inhibition and the sensitivity of AA-NA T activity seem to depend 

on the phase of the breeding cycle/seasons. Further, the steroid hormones might be 

inhibiting AA-NAT activity by their action(s) via inhibition of cAMP-dependent 

AA-NA T induction and/or via stimulation of proteasomal proteolysis of AA-NA T 

and/or 14-3-3 proteins. 
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Chapter 3 - In vitro effects of indoleamines and leptin on arylalkylamine 

N-acetyltransferase (AA-NAT) activity in the fish pineal during 

different phases of the breeding cycle 

This chapter deals with in vitro effects of different concentrations of 5-

hydroxytryptophan, serotonin, N-acetylserotonin and melatonin on pineal AA-NA T 

activity in the fish maintained under natural climatic conditions during quiescent, 

progressive, breeding and regressive phases of the annual breeding cycle. This 

chapter also deals with in vitro effects of different doses of leptin on pineal AA-NA T 

activity in fed and fasted groups of fishes maintained under natural climatic 

conditions during winter and summer seasons. The findings and conclusions based on 

the experiments included in this chapter are listed below: 

1. 5-Hydroxytryptophan, serotonin, N-acetylserotonin and melatonin increased 

pineal AA-NAT activity in a dose-dependent manner during all the phases of the 

breeding cycle of fish. 

2. The sensitivity of AA-NA T activity to 5-hydroxytryptophan was comparatively 

higher during the progressive phase and lower during the quiescent phase. 

3. Serotonin was comparatively more stimulatory during the regressive phase and 

less during the quiescent phase. 

4. AA-NAT activity was found to be equally sensitive to the stimulatory effects of 

N-acetylserotonin and melatonin during all the phases of the breeding cycle. 
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5. Leptin treatment significantly increased pineal AA-NAT activity in the fed fishes 

in a dose-dependent manner during both summer and winter seasons. 

6. Leptin had no significant effect on the enzyme activity in the pineals of starved 

groups irrespective of the doses and the seasons. 

These findings seems to suggest that various indoleamines might be acting as 

substrates or hormones (autocrine/paracrine) and play an important role in the 

regulation of AA-NAT activity and melatonin synthesis in the photoreceptive fish 

pineal. Leptin also seems to be involved in regulation of AA-NAT activity in the fish 

pineal, and the sensitivity of the enzyme activity to leptin seems to depend on 

seasons and feeding status of the fish. Further, the feeding status can act as switch for 

the action of leptin on AA-NA T activity in the fish pineal. 

CONCLUSIONS 

On the basis of the findings of the present Ph. D. dissertation, it can be 

concluded that various hormones such as gonadal steroids, corticosteroids, 

indoleamines and leptin play an important role in the regulation of AA-NAT activity 

and, hence melatonin synthesis in the pineal of the fish. The sensitivity of the pineal 

AA-NAT activity to inhibitory effects of gonadal hormones and corticosteroids as 

well as to the stimulatory effects of indoleamines seems to change with the phase of 

the annual breeding cycle of the fish and/or seasons. These findings also seem to 

suggest that the sensitivity of the pineal AA-NA T activity to leptin is dependent on 

seasons and feeding status of the fish. Feeding status of the fish can act as switch for 
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the sensitivity of the rate-limiting enzyme (and hence melatonin synthesis) to the 

stimulatory action of leptin. 

These findings suggest that, though the melatonin synthesis is regulated in 

the fish pineal primarily by the light-dark cycle, the circulating levels of gonadal 

steroids, corticosteroids, indoleamines and leptin, depending on their levels, phase of 

the breeding cycle and/or seasons, also influence AA-NA T activity and hence 

melatonin synthesis in the photoreceptive pineal of the fish, Clarias gariepinus. 

These findings, thus, suggest that the AA-NAT activity in the fish pineal is 

significantly influenced by the circannual changes in the levels of the gonadal 

steroids, corticosteroids and pineal indoleamines in relation to the ever-changing 

environmental factors and the breeding cycle. Leptin can also stimulate activity of 

AA-NA T and melatonin synthesis, and feeding status regulates the sensitivity of the 

enzyme activity to leptin in the fish pineal. 
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