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PREFACE 

Fishes perceive environmental light regimes with the help of eyes and the pineal 

complex. The pineal complex of the fish consists of a pineal gland·and the parapineal 

(Vollrath, 1981). However, melatonin is produced only by the pineal and not by the 

,parapineal. The fish pineal contains photoreceptor cells, supporting cells and glial cells 

(Vollrath, 1981). The photoreceptor cells possess a complete melatonin rhythm 

generating system incorporating a photodetector, a circadian clock and melatonin 

synthesizing machinery. As a result, the fish pineal has deyeloped capabilities to 

modulate melatonin synthesis by responding directly to environmental light and 

indirectly to changes in environmental temperature via the central nervous system to 

ensure successful adaptation under the ever-changing aquatic environment. Unlike in 

homeotherms, melatonin secretion in fishes also seems to be influenced by environ­

mental temperature (Zachmann et al., 1992; Tabata and Meissl, 1993; Samejima et al., 

2000). The regulation of melatonin synthesis in fish pineal by light and its modulation 

by temperature seems to suggest that the fish pineal might be acting as a 

phototransducer as well as a thermotransducet organ (Matty, 1985b; Meissl, 1986). In 

mammals, the pineal cannot respond directly to light, and photic signals are received 

through lateral eyes and transmitted through suprachiasmatic nucleus of the 

hypothalamus to the pinealocytes (Vollrath, 1981; Korf et al., 1998). The pineal gland 

acts as an interface between the environmental photoperiod and internal milieu, and 

translates photoperiodic information into a hormonal messenger. Therefore, melatonin 

is known as the chemical expression of darkness· (Reiter, 1993a). 



Melatonin acts as a pineal honnone 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, pineal showed 

cyclical patterns relative to en,rironmental factors, which are correlated with plasma 

melatonin. Changes in environmental factors. promote annual variations in adrenal and 

gonadal activity in birds, probably by modulating the pineal gland (Sudhakumari et at., 

2001). Melatonin is considered to be the most physiologically active indole derivative 

in fishes, and reportedly produces prominent effects on pigmentation, reproductive 

system (Garg, 1989), locomotor activity (Garg and Sundararaj, 1986; Morita et at., 

1989), growth, metamorphosis, pituitary, interrenal function (Vollrath, 1981), thyroid 

(Nayak and Singh, 1987a,b), adrenal (Agha and Joy, 1989) etc. 

As in other vertebrates, the fish thyroid also secretes thyroxine (T4) and 

triiodothyronine (T3) as major honnones. Other iodothyrhyronines like monoiodo­

thyronine and diiodothyronine are also synthesised by the thyroid, and released in to 

blood (Melamed et ai., 1995; Mylonas et at., 1997). In fishes, the thyroid honnones are 

actively involved in the regulation of the intennediary (Plisetskaya et at., 1983), the 

oxidative metabolism (Gupta and Thapliyal, 1991; Lynshiang and Gupta, 2000), 

reproduction (Bhattacharya, 1987), growth and development (Power et at., 2001), 

breeding cycle (Volkoff et ai., 1999), sexual maturation (Ueda et ai., 1984; Matty, 
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1985a; Cyr et al., 1998; Pavlidis et al., 2000), migration (Ueda et al., 1984; Matty, 

1985a), electrolyte and water metabolism (Peter et al., 2000) etc. 

There is a large body of information on seasonal variations in thyroid activity 

and the circulating levels of thyroid hormones in mammals (Singh et ai., 2002; Ben 

Saad and Maurel, 2004), birds (Dawson and Thapliyal, 2001), reptiles (Licht et al., 

1985a,b; Naulleau et ai., 1987; Kohel et ai., 2001) and amphibians (Kuhn et ai., 1983; 

Gancedo et al., 1996). But there is scarcity of information on seasonal variations in the 

levels of thyroid hormones and melatonin in fish species (ligo et ai., 1997; Samejima et 

al., 1997). Both circadian and circannual rhythms in the circulating levels of T 4 and T 3 

in fish species are reportedly influenced by fluctuations in the ambient temperature, 

physical activity, photoperiod, feeding etc. (Matty, 1985a; Cyr et ai., 1988; Leiner et 

al., 2000; Pavlidis et al., 2000), and seem to be closely associated with circannual 

variations in ambient temperature, daylengths and gonadal steriods (Pavlidis et ai., 

2000). The seasonal fluctuations in photoperiods and temperature have also been 

reported to regulate the circadian and circannual rhythms of melatonin production in 

fishes (Randall et al., 1995; Pavlidis et al" 1999). Thyroid hormone production is 

maximum during summer when daylengths are long and pineal activity/melatonin 

production is minimum (Cyr et al., 1988, 1998; Leiner and MacKenzie, 2001). Low 

levels of thyroid hormones are found in fish during winter (Cyr et ai., 1998; Pavlidis et 

ai., 2000) when daylengths are short and pineal activity is high (Zachmann et ai., 1992; 

Tabata and Meissl, 1993; Samijima et ai., 2000). Melatonin has been reported to 
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influence thyroid activity In mammals (Vriend, 1983a,b; Rom-Bugoslavaskaia and 

Shchervakova, 1985; Shchervakova and Rom-Bugoslavaskaia, 1988; Wajs and 

Lewinski, 1992; Ozturk et al., 2000) and birds (Singh and Turner, 1972; John et al., 

1990; Prakash et al., 1998), and pineal activity is reportedly influenced by thyroid 

hormones in mammals (Karasek and Stepien, 1980; Bondarenko, 1991). The levels of 

thyroid hormones are inhibited by administration of melatonin and increased after 

pinealectomy in mammals (Vaughan et al., 1982; Vriend et al., 1982; Vriend, 1983a,b, 

1984; Vaughan and Priutt, 1985; Wajs and Lewirki, 1992; Ozturk et al., 2000) and birds 

(Sharp et al., 1984; John et al., 1990; Prakash et al., 1998). Pinealectomy in the fish 

Clarias batrachus during developmental and maturation phase has been reported to 

stimulate thyroid hormones (Nayak and Singh, 1987b). However, unlike in mammals, 

there is scarcity of information on the effects of melatonin on the circulating levels of 

thyroid hormones in any fish species. Though melatonin and thyroid. hormones are 

involved in the regulation of a wide range of physiology as well as the gonadal cycles of 

fishes, so far no attempt has been made to investigate the interrelationship between 

pineal and thyroid in a fish with special reference to its annual gonadal cycles, 

temperature and photoperiod. Therefore, keeping in mind the scarcity of information 

and importance of melatonin, thyroid hormones, temperature and photoperiod in fish 

physiology, it was thought worthwhile to undertake a comprehensive study to explore 

the nature of interrelationship, if any, between the thyroid and the pineal gland in an air­

breathing exotic cat fish, Clarias gariepinus. ' 
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The present Ph. D dissertation has been divided into SiX chapters. An 

introduction of the chapters is 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 animals, mode of treatment, 

methods used for measuring the pineal arylalkylamine-N-acetyltransferase (AA-NAT) 

activity, and plasma concentrations of T4 and T3, and the statistical and computational 

techniques used for analysing the data. 

Chapter - 2: Studies on the interrelationship between the circadian rhythms in 

plasma levels of thyroid hormones (T 4 and T 3) and pineal arylalkylamine-N­

. acetyltransferase (AA-NAT) activity 

This chapter deals with the study of circadian rhythms in the plasma levels of 

thyroid honnones (T4 and T3) and pineal AA-NAT activity in the fish mainta{ned under 

natural climatic conditions during quiescent, progressive, breeding and regressive 

phases of the annual breeding cycle. 
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Chapter - 3: Effects of photoperiods and simulated temperatures on circadian 

rhythms of plasma levels of thyroid hormones (T 4 and T 3) and pineal 

arylalkylamine-N-acetyltransferase (AA-NAT) activity 

This chapter deals with the effects oflong photoperiod (LD 15:9), LD 12:12 and 

short photoperiod (LD 9: 15) at a constant temperature (25° ± 2° C) on the circadian 

rhythms in plasma levels of thyroid hormones (T4 and T3) and pineal AA-NAT activity 

during winter and summer seasons. In addition, it also deals with the effects of 

simulated temperatures (i.e., 15° ± 2° C, 25° ± 2° C and 35° ± 2° C) under LD 12:12 

photoperiod on plasma levels of thyroid hormones (T4 and T3) and pineal AA-NAT 

activity during winter and summer seasons. 

Chapter-4: In vivo effects of melatonin on plasma levels of thyroxine (T4) and 

triiodothyronine (T 3) 

This chapter deals with the in vivo effects of different doses of melatonin on 

plasma levels of T4 and T3 during quiescent; progressive, breeding and regressive 

phases of the annual breeding cycle. 

Chapter - 5: Effects of thyroid hormones and propylthiouracil on the circadian 

rhythms in pineal arylalkylamine-N-acetyltransferase (AA-NAT) activity 

This chapter deals with the effects of immersion in solutions of thyroid 

hormones (T4 and T3) and propylthiouracil on circadian rhythms in pineal AA-NAT 

activity during winter and summer seasons. 
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Chapter - 6: Summary and conclusions 

This chapter incorporates the summary of major findings presented in the above 

mentioned chapters and conclusions derived from the findings of the Ph. D dissertation. 

Findings of this dissertation suggest that there is an inverse interrelationship 

between the AA-NAT activity and thyroid hormones in the fish, Clarias gariepinus. 

The opposite effects of temperature and photoperiods on the plasma levels of thyroid 

hormones and AA-NAT activity seem to regulate the inverse relationship between 

thyroid hormones and AA-NAT activity. Increased levels of thyroid hormones and low 

levels of melatonin due to decreased AA-NAT activity during summer are closely 

associated with the breeding phase. In contrast, decreased levels of thyroid hormones 

and increased melatonin synthesis due to increased AA-NAT activity during the winter 

seem to be responsible for inactivation of gonads and cessation of breeding during the 

regressive and quiescent phase. 
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INTRODUCTION 

(Animals have evolved strategies in order to time their reproductive activity at 

a particular time of the year when maximal survival of the offspring is ensured. The 

vertebrates programme the exact time of their breeding with the help of the circannual 

changes in the environmental factors such as photoperiod, temperature, rainfall, 

humidity, salinity etc. (Wilson and Donham, 1988; Spieler, 1990). Among the climatic 

factors, changes in daylength playa major role in synchronizing the breeding phase, and 

exert a variety of influence on the physiology and behavior of a large number of 

vertebrates (Binkley, 1993). The circannual variation in daylength serves as a calendar, 

allowing organisms to determine the time of the year, and thereby predict changes in the 

environment (Reiter, 1993a). Thus, the annual changes in the duration of the solar day 

has been proved to be the primary and regular variable that individually, or III 

combination with other environmental component(s), impel the 'driving function' III 

determining the physiological response in most animal species (Nicholls et at., 1988; 

, Wilson and Donham, 1988). Accordingly, most ofthe.Iiving organisms have developed 

adaptive mechanisms allowing anticipation and perception of changes in daylength. 

Lateral eyes and the pineal play a major role in detection of the daylength. The 

photoperiod influences pineal activity in mammals through the lateral eyes. Unlike in 

mammals, light is perceived directly by the non-mammalian photoreceptive pineal. The 

pineal gland exhibits circadian and circannual rhythms, which are a fundamental feature 

of all living organisms. The functional mechanism involved is built around' internal 

biological c1ock(s), and the hormone melatonin is one of its critical components. 
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Numerous sources of melatonin have been identified in vertebrates, but melatonin is 

primarily produced by the pineal gland during the dark period of the light-dark cycle. 

This rhythm of melatonin is generated by a circadian clock. The periodic secretion of 

melatonin acts as a circadian mediator of a system that can read the message. The 

duration of the "nocturnal melatonin production is directly proportional to the length of 

the dark phase of a photoperiodic regime. Thus, melatonin rhythm appears to be an 

endocrine code of the environmental light-dark cycle conveying photic information that 

is used by vertebrates for both circadian and seasonal temporal organization. 

The thyroid gland and its hormones are found in all the vertebrates. The thyroid 

hormones perform diverse functions. Although the functions of the thyroid hormones 

are diverse, their major underlying role may be to support energy-demanding activities 

undertaken in favorable environment (Eales, 1979). It would be expected that annual 

cycles in thyroid hormones production increased during discrete annual periods of 

increased metabolic activity, and decreased during periods of metabolic quiescence, 

such as winter months. The environmental seasonal changes of photoperiod, 

temperature and rainfall seem to provide predictive information as indicators of seasons 

(Pavlidis et at., 2000) and influence the activity of the neuroendocrine system of fish 

(Y okota and Oishi, 1992), which ultimately regulates the activities of various endocrine 

glands (Verma et al., 1996). Increase in temperature has been reported to accelerate the 

synthesis and turnover of thyroid hormones and to increase the physical activity and 

metabolic rate of teleosts (Leloup and de-Luze, 1985; Nayak and Singh, 1991). It has 
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been reported that the circulating thyroid hormones exhibit distinct circadian and 

circannual rhythms in fish species (Bau and Parent, 2000; Pavlidis et al., 2000; Leiner 

and Mackenzie, 2001), which are regulated mainly by ambient temperature and 

photoperiod (Grau et at, 1985; Cyr et al., 1988,1998; Cerda-Reverter et at., 1996). It 

has also been reported that T3 controls mainly the metabolism, while T4 is involved in 

the regulation of growth, development, sexual maturation and reproduction (Eales, 

1979; Gupta and Thapliyal, 1991; Pavlidis et at., 2000; Power et al., 2001). 

A large body of available information suggests that both thyroid hormones and 

melatonin play a major role in the regulation of annual breeding cycle of vertebrates 

(Malpaux et al., 1999; Volkoff et at., 1999; Joshi and Udaykumar, 2000; Lincoln et at., 

2003c) and migration (Ueda et al., 1984; Matty, 1985a). As mentioned earlier, the 

circadian and circannual changes in environmental factors like daylength and 

temperature shape the circadian and circannual rhythms of thyroid and pineal activity, 

and hence that of the thyroid hormones and melatonin. It seems that the thyroid gland 

and pineal, while responding to the environmental factors, also interact with each other 

through their hormones for an integrated coordination of bodily functions in vertebrates. 

In mammals and birds, melatonin has been reported to influence thyroid activity (John 

et al., 1990; Ozturk et al., 2000), while pineal activity is influenced by thyroid 

hormones (Karasek and Stepien, 1980; Vriend, 1983b; Bondarenko, 1991). In the fish, 

thyroid hormone production is maximum during summer when daylenghts are long and 

pineal activity/melatonin production is minimum. In contrast, low levels of thyroid 
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hormones are found in fish species during winter when daylengths are short and pineal 

activity is high (Vivien-Roel and Arendt, 1981; Zachmann et al., 1992; Tabata and 

Meissl., 1993; Samejima et ai., 2000). 

Thyroid hormones play a major role in the regulation of the oxidative 

metabolism in all groups of vertebrates (Barre and Rouanet, 1983; Nelson et ai., 1984; 

Gupta and Thapliyal, 1991). There are also several reports on the involvement of the 

pineal complex in regulation of body temperature in mammals (Heldmaier et ai., 1989; 

Larkin et ai., 2001), birds (Lee et at., 1990; Wolfe and Zatz, 1994; Zatz et at., 1994; 

Barrett and Takahashi, 1995; Murakami et al., 2001) and reptiles (Vivien-Roels et at., 

1988; Skene et at., 1989; Moyer et at., 1997; Ohshima et at., 1999; Lutterschmidth et 

at., 2002). Thus, there is a strong probability that, as important components of the 

neuroendocrine system of vertebrates, thyroid and pineal might be interacting and 

coordinating with each other in order to regulate the energy metabolism of the animals 

in the most efficient ways. 

The neuroendocrine system acts as an interface between the environment and 

the vertebrates, and plays a major role in adaptation against ever changing environment. 

In general, the changes in environment alter the synthesis and release of a number of 

hormones. Therefore, there· might be a definite interrelationship between the 

environmental factors and endocrine glands leading to active interactions among 

different endocrine glands with overlapping functions. Since both thyroid and pineal are 
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reportedly involved in the regulation of breeding cycle as well as the energy metabolism 

of vertebrates, attempts have been made to study the effects of photoperiod and 

temperature on thyroid activity and melatonin synthesis as well as the interrelationship 

of thyroid and pineal gland in higher vertebrates. A brief review of information 

available on impact of environmental factors on activities of thyroid and pineal as well 

as on the interrelationship between the two glands in different groups of vertebrates is 

given below) 

Mammals 

There are several reports on molecular components of adrenergic signal 

transduction and melatonin synthesis in mammalian pineal (Maronde et aI., 1999; 

Guillaumond et al., 2000; Gupta et al., 2001). In the mammals, light information is 

received through the lateral eyes· and conveyed through the suprachiasmatic nucleus 

(SCN) and mammals cannot respond directly to light to c(;mtrol pineal melatonin 

synthesis (Vollrath, 1981; Korf et al., 1998). The photic signal stimulates retinal cells 

and generates neUral impulse. The neural impulse from retina is transmitted through the 

optic nerve via optic chiasma, supra chiasmatic nucleus (SCN) and via different parts of 

the brain. It reaches finally to superior cervical ganglion (SCG) via brain stem. Post 

synaptic sympathetic nerve fibers originate from SCG and form a nerve commonly 

called as nervi conarii. The nerve endings get hyperpolarized due to impulse generated 

by the presence of light. Due to hyperpolarization, the release of nor-epinephrine (NE) 

in the pineal gland is inhibited during the light phase. In the absence of NE, there is no 
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induction of the rate-limiting enzyme aryl alkylamine N-acetyltransferase (AA-NAT). 

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

leads to depolarization of the sympathetic nerve fibers terminating in the pineal gland. 

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

The NE released from the' adrenergic nerve terminal acts on the pinealocytes and 

stimulates the rate of melatonin synthesis by inducing AA-NAT, which acts as the rate­

limiting enzyme in the melatonin biosynthetic pathway (Bronstein et ai., 1990; Privat et 

ai., 1999). Thus, the pineal gland translates the photoperiodic visual messages into 

chemical signal (melatonin). The pineal gland is the intermediary between the external· 

photoperiod and internal milieu. It is the site at which light and dark information is 

translated, or transduced into a chemical messenger. Melatonin is thus known as the 

chemical expression of darkness (Reiter, 1993a), and has been described as a 

neuroendocrine transducer, which converts light-induced neural signal to a hormonal 

signal (Reiter et ai., 1983). 

It appears that the photo-neuroendocrine mechanism is not fundamentally 

different in vertebrates as far as the role of melatonin is concerned. 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). Circadian and circannual melatonin or AA-NAT activity rhythms in 

mammals are influenced both by photoperiod and temperature (Larkin et ai., 2001). The 

circadian rhythm of melatonin is synchronized by the changes in photoperiod. 
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Melatonin synthesis shows a diurnal rhythm as well as seasonal modifications of the 

nocturnal peak (Steinlechner et aI., 1987; Reiter, 1993b). The daily rhythm is thought to 

be involved in the synchronization of various circadian functions (Redman et at., 1983; 

Mc Arthur et aI., 1991), whereas the lengthening of the nocturnal melatonin peak 

(endogenously or exogenously) mimics the effects of short photoperiod on reproductive 

functions (Carter and Goldman, 1983; Bartness et at., 1993). The precision with which 

photoperiodic vertebrates are able to discriminate daylength is remarkable. It has been 

reported that information about the time of year could be encoded in the total amount of 

melatonin synthesized per day, where the duration· of elevated melatonin synthesis 

closely reflects the duration of the scotophase throughtout the seasons (Steinlechner et 

aI., 1987). The photoperiod appears to be the main factor in the regulation of the diurnal 

rhythm of melatonin (Skene et at., 1987; Vivien-Roels et at., 1997). It has been reported 

that pineal AA-NAT activity is suppressed by a short light pulse (e.g., 1 min of light 

exposure) and ultra-short light pulse (e.g., 1 milli second of light exposure) during the 

dark phase of the light-dark cycle (Maitra et ai., 1986; Vollrath et ai., 1989; Bronstein 

et at., 1990). But in poikilotherms external temperature, in addition to photoperiod, also 

seems to play an important role in controlling melatonin rhythms (Vivien-Roels and 

Arendt, 1983; Underwood and Calaban, 1987; Vivien-Roels et ai., 1988). 

Melatonin rhythms have frequently been related to seasonal cycles of 

reproduction in photoperiodic mammals (Reiter, 1980; Stetson and Watson-Whitmyre, 

1986). Syrian hamsters exposed to 12.5 h of light/day (or more) maintain a functional 

14 



reproductive system, whereas those exposed to 12 h of light/day (or less) undergo 

complete gonadal regression (Karsch et ai., 1991). It has been reported that circadian 

clocks are involved in this photoperiodic time measuring capability. Use of several 

experimental lighting paradigms in Syrian hamster has revealed that reproductive state 

depends on the circadian timing of light presentation rather than on the total amount of 

light or the light/dark ratio. When the circadian system of Syrian hamsters was disrup­

ted by SCN lesions, these animals no longer showed reproductive responses to changing 

photoperiod (Karsch et ai., 1991). Syrian hamster undergo gonadal regression after 

exposure to short days in the autumn, but gonadal activity resumes in the spring even 

under continued exposure to short photoperiod. Thus, in autumn the hamster is said to 

be photosensitive, while in spring it becomes photorefractory (Goldman and Darrow, 

1983). Hamsters raised in a long day laboratory environment showed gonadal 

regression within 6-10 weeks following transfer to short days, regardless of the time of 

year at which short day exposure begins. After 20-24 weeks in short days, the hamsters 

become photosensitive and the gonads undergo complete recrudescence (Klemcke et 

ai., 1981). After exposure to long days for approximately 10 weeks, the hamsters are 

once again capable of undergoing gonadal regression in response to short days (Stetson 

et al., 1977). Unlike Syrian hamster, the domestic pig has been found to exhibit a 

biphasic pattern of seasonal reproduction with reproductive performance being better 

during either spring or fall than during the summer and winter (Claus and Weiler, 1985; 

Armstrong et al., 1986). 
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When placed as a subcutaneous depot, melatonin prevents gonadal regression 

due to exposure to darkness or evening melatonin injections in Syrian hamster and 

Djungarian hamster (Reiter, 1980). It has been reported that the mammalian pineal 

gland has receptors for various hormones such as estradiol, testosterone, 5a­

dihydrotestosterone, progesterone, prolactin, corticosterone and somatostatin (Kellner et 

al., 1997; Champier et al., 2003). Melatonin has been found to exert its anti­

reproductive effects in hamsters by decreasing estrogen receptor (ER) levels in neurons 

of the medial preoptic area, bed nucleus of the stria terminalis and ER mRNA of the 

hypothalamus in both intact and ovariectomized animals, thereby influencing steroid 

feedback mechanisms (Hill et al., 1996). Oral melatonin administered 3 h before lights­

off effectively inhibited endogenous ovarian activity and reversibly suppressed estrous 

elevations in fecal estrogens in domestic cat (Graham et ai., 2004). Melatonin 

administration also significantly decreased the levels of LH, estrogen and progesterone 

in women (Voordouw et ai., 1992). It has been reported that photoperiodic regulation of 

prolactin secretion occurs via melatonin-mediated changes (Johnston, 2004) and 

displays circannual rhythmicity under constant photoperiod (Lincoln et al., 2003a) in 

the secretion of a prolactin from the pituitary pars tuberalis (Lincoln et aI., 2003b; 

Johnston, 2004). Melatonin injection given during the late light phase decreased 

reproductive organ weights and levels of serum and pituitary prolactin and serum T4 

(Hoover et aI., 1992). 
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It appears that two different types of time measurement mechanisms are used to 

shape the annual reproductive cycle in photoperiodic mammals. In one case, the animal 

is capable of monitoring daylength i.e., photoperiodic time measurement. In the second 

case, an endogenous mechanism appears to be used to measure long periods of time in 

the absence of changing environmental cues. This endogenous mechanism is 

responsible for deciding the time at which an animal switches from the photosensitive 

to the photo refractory state (Klemcke et al., 1981). A diurnal rhythm of pineal mela­

tonin production in most of the mammals (Klein et ai., 1983) is driven by the rhythm in 

the activity of the enzyme arylalkylamine-N-acetyltransferase (Illnerova et al., 1983; 

Reiter et at., 1983). The AA-NAT activity and melatonin rhythms are truly circadian as 

they persist in continuous darkness (Klein et ai., 1983) as well as in constant light with 

attenuated amplitude (White et al., 1984), and are controlled by a pacemaker located in 

SeN of the hypothalamus (Klein et al., 1983). Following sudden exposure of rats to 

light at night, the pineal serotonin content increases (Illnerova et ai., 1979), while AA­

NAT activity (Deguchi and Axelrod, 1972) and melatonin (Illnerova et al., 1979) 

decrease precipitously. AA-NAT activity declines with the same half-life of3.8 minute 

as after the administration of beta-blockers (Vanecek and Illnerova, 1979). This 

indicates that light blocks the transmission of neural signals to the pineal gland and 

beta-adrenergic receptors cease to be activated. Even after a brief light pulse lasting for 

1 minute, AA-NAT and melatonin levels have been reported to decline rapidly in the 

continuous darkness (Illnerova et al., 1979, Illnerova and Vanecek, 1979). It has also 

been reported that increase in photoperiod reduced the time to the AA-NAT peak 
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(White et al., 1984). The duration of photoperiod affects AA-NAT activity accompa­

nied by parallel changes in melatonin rhythms (Vanecek and Illnerova, 1982b; Charron 

et al., 1991; Ribelayga et al., 1999). In male Badger, AA-NAT activity and melatonin 

exhibited diurnal rhythm during both January and June with similar peak amplitudes 

under natural daylight where the duration of melatonin levels have been reported to be 

modified by the photoperiod with a nighttime elevation and a low level during the day 

(Charron et al., 1991). During long daylength, either artificial (LD 16:8) or natural 

(June), AA-NAT and melatonin are elevated for only 5 h at night both in rats (Vanecek 

and Illnerova; 1982b) and in Djungarian hamsters (Hoffinann et al., 1981; Illnerova et 

al., 1984). Light exposure in the late evening and early morning hours compresses 

rhythms of AA-NAT activity and melatonin (Vanecek and Illnerova, 1982a, b). A long 

photoperiod compresses the AA-NAT rhythm waveform. The magnitude of phase shifts 

of AA-NAT rhythm as well as their direction depend on a previous photoperiod 

(Illnerova and Sumova, 1997). Decompression of the rhythms occurs under short days. 

Under LD 8:16 or in natural daylight (December), the period of elevated AA-NAT and 

melatonin levels at night lasts for 9 to 12 hours. The period seems to be very important 

as it provides the animals with the necessary information on daylength (Vanecek and 

Illnerova, 1982a,b). During short days, the extension of the rhythm proceeds into the 

morning hours. It seems that during long days the pineal gland are synchronized by both 

the evening and the morning light, however, during short days only by the morning light 

(Illnerova and Vanecek, 1985). It has been reported that resetting of the circadian clock 

after shifts in the LD cycle depends on the photoperiod. Further, re-entrainment to an 8 
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h delay in the LD cycle took more than 3 days in rats maintained under a regime with 

18 h of light and 6 h of darkness per day (LD 18:6) whereas it was completely within 3 

days in those maintained under LD 12:12. Re-entrainment to an advance in the LD 

cycle proceeded through a transient diminution or almost disappearance of the AA­

NAT rhythm amplitude following aSh, 3 h and even a mere 2 h advance shift under 

LD 18:6, whereas no such diminution occurred under LD 12:12 even after aSh 

advance shift (Humlova and IIInerova, 1992). 

It has been reported that exposure of hamsters to low temperature (0° C) reduced 

the sensitivity of the pineal gland to light at night and prevented inactivation of 

arylalkylamine-N-acetyltransferase (Stieglitz et at., 1991). It has also been reported that 

in male Syrian hamsters exposed to low temperature (5° C) for 24 h under LD 8:16, 

both AA-NAT activity and melatonin showed a clear diel rhythm with a moderate but 

significant increase late in the dark period where the nighttime peak levels of AA-NAT 

activity and serum melatonin were reported to be significantly higher in the animals that 

had been exposed to cold than in those remaining in warm (22° C) conditions (Stokkan 

et at., 1991). However, acute cold exposure for 6 hours did not change either AA-NAT 

activity or the melatonin content of the gland in rat (Guerrero et at., 1990b). It has also 

been reported that AA-NAT activity was depressed under long-day in the white-footed 

mice (Peromyscus teucopus) exposed to cold soon after the onset of darkness, whereas 

mice exposed to cold later at night had slightly elevated enzyme activity. AA-NAT 

activity in short-day mice exposed to cold soon after lights off did not have significant 
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effect. However, there was no rise of melatonin, which suggested that acute exposure 

may modulate AA-NAT activity, which is reportedly controlled primarily by the LD 

cycle (Tannenbaum et ai, 1990). It has been reported that temperature induced 

fluctuations in AA-NAT activity in 4-, 12- and 20-day old rats placed for 4 h in 23° C or 

34° C environments with increased enzyme activity in ectothermic 4- and 12-day old 

animals exposed to· the 23° C environment, but not in endothermic 20-day old rats 

(Torres et al., 1989). Further, the elevation in daytime AA-NAT activity seen in cold­

exposed animals has been reported to be absent in rats previously subjected to chemical 

sympathectomy induced by 6-hydroxydopamine, or in animals treated with the beta­

noradrenoceptors antagonist drug propranolol. Catecholaminergic nerves and beta­

adrenoceptors have been reported to be important for light-induced changes in 

mammalian pineal gland biochemistry, and appear to be essential for environmental 

temperature-dependent elevations in neonatal AA-NAT activity (Torres et al., 1989). It 

has been reported that adult male rats subjected to 30, 60, or 120 min of cold exposure 

(2° C) during the day elicited no significant changes in pineal indoleamine metabolism, 

while exposure to cold for 1 h during the second hour after 'lights off has been reported 

to increase pineal melatonin content slightly without a concomitant change in AA-NAT 

activity. Rats exposed to 2 h of cold beginning 2 h after 'lights off has been reported to 

display a 50% reduction in AA-NAT activity, whereas pineal melatonin content 

remained unchanged, which indicated that the paradoxical response of AA-NAT 

activity and melatonin are not common when rats are exposed to adverse stimuli 

(Tannenbaum et al., 1988). 
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The plasma levels of thyroid hormones (T4 and T3) exhibit a circadian rhythm 

in the hamster (Vriend, 1984). Under a LD 14: 1 0 cycle, the lowest levels of these 

hormones were detected late in the dark phase, while the concentrations of both 

hormones increased during the light phase of the daily cycle. The observed parallel 

changes in T 4 and T 3 during the day suggest that the circadian variations were the result 

of variations in their secretions from the thyroid (Vriend, 1984). When Syrian hamster 

were exposed to a short photoperiod (less than 12 hours light per day) for 2-3 months or 

were subjected to bilateral orbital enucleation, their circulating total T4 concentration 

decreased signifi-cantly. The reduction in T4 concentration in these animals was 

prevented by pinealectomy. These findings suggested that the inhibitory effects of short 

daylength and orbital enucleation were mediated by the pineal gland (Vriend, 1983a, b). 

It has also been reported· that free T 4 concentration is depressed by blinding, and that 

this effect appears to be mediated by the pineal gland (Vaughan and Pruitt, 1985). 

Blinding-induced suppression of the reproductive system and prevention of this effect 

by pinealectomy indicated that the animals exhibited pineal-mediated reproductive 

responses to photoperiod (Reiter, 1980). There seem to be parallel changes between the 

reproductive system and circulating T4, and the changes in T4 may passively result from 

pineal-induced hypogonadism and the possible resultant effects on T 4 serum binding 

protein (Vaughan et al., 1982). 

In mammals when the environment, particularly ambient temperature, is 

constant, circulating thyroid hormone levels are maintained within a narrow range by a 

negative feedback mechanism involving the hypothalamo-hypophyeal-thyroid aXIS. 
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However, in contrast to the small fluctuation in plasma T4 and T3, a diurnal variation in 

circulating levels of TSH has been demonstrated under constant temperature (Rookh et 

al., 1979; Ottenweller and Hedge, 1982a,b). The peak in TSH is followed by a slight 

increase in T3 and T4 concentration 3-4 h later suggesting that the variations in T4 and 

T3 were driven by CNS-induced changes in TSH secretion (Ottenweller and Hedge, 

1982a,b). Cir,?ulating thyroid hormones exert a negative feedback inhibition on pituitary 

TSH release (Larsen et al., 2003). Pretreatment with T4 or T3 prevents the increase in 

plasma TSH following TRH administration (Snyder and Utiger, 1972), indicating that 

the site of inhibition is at the pituitary. Further, both TRH-stimulated state and normal 

resting TSH levels are affected by thyroid hormones. Irrespective of the method of 

hormone administration, T 4 reduces plasma TSH concentrations as well as the 

responsiveness of pituitary to TRH stimulation (Rookh et al., 1979). It has been 

reported that in hibernating mammals plasma T 4 levels drop about 8-folds from summer 

to winter (Demeneix and Henderson, 1978; Augee et at., 1979) and the activity was also 

reduced prior to hibernation (Hulbert et al., 1985). 

Levels of thyroid hormones are reportedly inhibited by administration of 

melatonin and increased after pinealectomy in mammals (Vaughan et aI., 1982; Vriend 

et al., 1982; Vriend, 1983a,b, 1984; Vaughan and Priutt, 1985; Wajs and Lewiski, 1992; 

Ozturk et al., 2000). Sight deprivation of hamsters is followed by several. endocrine 

changes including a depression in circulating levels of total and free thyroxine 

(Vaughan et al., 1982). Evidence that the pineal gland was involved in this phenomenon 
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derived from studies showing that blinded and pinealectomized hamsters did not have 

significantly different circulating levels of thyroxine (Vriend and Reiter, 1977; Vaughan 

et at., 1982). Further, support for the view that the pineal gland was involved in 

regulation of the neuroenocrine-thyroid axis came from studies on melatonin 

administration. Administration of melatonin resulted in reduced circulating thyroxine 

levels (Vriend and Reiter, 1977). In male hamsters the inhibitory effect of melatonin 

was found to be more effective if given towards the end of the daily photoperiod than if 

given in the morning near the beginning of the daily photoperiod. In ovariectomized 

female, only evening injections of melatonin were effective in inhibiting thyroxine 

levels (Vriend et at., 1982). In rats, melatonin has been reported to inhibit both thyroid 

iodine uptake and secretion (Singh and Turner, 1972; Shchervakova and . Rom­

bugoslavskaia, 1988). The pineal gland has an inhibitory influence on circulating total 

as well as free thyroxine in the hamster (Vaughan et at., 1982; Vriend, 1984), which 

vary depending on the time of blood collection (Vriend, 1984). The maximum 

difference between thyroxine concentra-tions and free thyroiodonines (TIs) of blinded 

and control hamsters occurs in the evening at or near the end of the light period, with 

the least difference in the morning at or near the end of the dark period (Vriend, 1984). 

It has been found that both the pineal gland and circadian rhythms influence 

thyrotropin-releasing hormone (TRH)-induced TSH release in the hamster (Vriend, 

1984). TRH content of the medial basal hypothalamus was increased in blinded female 

hamsters (Vriend and Wilber, 1983). This increase was prevented by pinealectomy, 

suggesting that an active pineal gland inhibits TRH release in blinded hamsters (Vriend, 
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1984). Daily melatonin injections reduced reproductive activity and thyroid hormones 

in male Syrian hamsters (Champney, 2001). Chronic administration of melatonin to rats 

leads to an increase of whole cytoplasm stained cells (WC) in number but a decrease of 

spot-like stained cells (SC). On the other hand, the intensity of TSH-immunoreactivity 

and the number of rat pars tuberalis PT -TSH cells. have been reported to decrease 

significantly after pinealectomy and recovered following melatonin administration 

(Sakamoto et al., 2000). Melatonin levels showed a diurnal rhythm, and melatonin 

administration reportedly decreased TSH, T3 and T4 levels in rats and increased the 

activity of an antioxidant enzyme superoxide dismutase (SOD) (Ozturk et al., 2000). 

In tropical seasonally breeding Indian palm squirrel, Funambulus pennanti 

during its reproductive phase, continuous light (LL) had no effect on pineal, thyroid and 

ovarian functions as judged by thyroid weight and plasma levels of T4 and estradiol 

(E2). However, continuous darkness (DD) reduced significantly thyroid and ovarian 

weight as well as plasma T4 and E2 levels (Shavali and Haldar, 1998). Further, 

pinealectomy (Px) significantly increased thyroid and ovarian weights with no 

observable changes in their hormonal levels under normal photoperiod and under LL, 

while Px under DD condition prevented the reduction in thyroid and ovarian weights 

but the hormonal levels were increased. These results suggested that DD could be an 

effective stimulator for the pineal function and increased pineal activity in this mammal. 

Melatonin injection has been reported to reduce T3 in pituitary-grafted rats and to 

decrease T4 concentration in normal rats (Esquifino et al., 1997). 5-Methoxytryptophol, 
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like melatonin, exerted the inhibitory influence on the mitotic activity; however, it did 

not affect thyroid weight (Wajs and Lewinski, 1992). Further, it has also been reported 

that melatonin administered in late afternoon decreased, while PX increased indices of 

thyroid growth in vivo. However, administration of mel<itonin as subcutaneous 

implanted pellets reversed the inhibitory effect of melatonin injections (Lewinski et ai., 

1992; Wajs and Lewinski, 1992). 

In mammals, several attempts have been made to study thyroid-pineal 

interrelations in vivo (Vriend, 1983a,b, Lewinski, 1986; Ruzsas and Mess, 1987). It has 

. been found that hypo-thyroidism in rats increased melatonin levels in the pineal, 

hypothalamus and serum at an early age (25 days), but in adults melatonin levels were 

lowered in the hypothalamus and serum yet unaltered in the pineal (Catala et al., 1987). 

It has been reported that T3 can have direct effects on short-term (6 h) synthesis and 

release of melatonin in rat pineal in vitro. These effects depend upon the age of the 

donor animal, ambient photic environment (with temperature constant), and 

concentration ofT3 (Catala et al., 1988). It has been reported that both hypo-thyroidism 

and hyper-thyroidism did not alter pineal melatonin content during the day or night. 

However, the nocturnal increase of melatonin has been phase-advanced in the 

hypothyroid group (Bauer et al., 1989). In women, melatonin concentrations were 

found to be positively correlated with TSH levels in hypo-thyroidism, and negatively 

correlated with T3 in hyper-thyroidism (Soszynski et al., 1988). 
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Melatonin has been reported to act as a scavenger and an antioxidant (Reiter et 

at., 1995; Karbownik and Lewinski, 2003a,b; Kukner et at., 2004; Liang et at., 2004; 

Sayan et at., 2004). Melatonin has been found to be highly protective against damage to 

macromolecules resulting from oxygen and nitrogen-based reactants (Reiter et at., 

2003, 2004). The reported higher incidences of neurodegenerative diseases like 

Parkinsonism, Alzheimer's disease, Huntington's disease, amyotrophic lateral sclerosis, 

epileptic seizures, and stroke in elderly persons are attributable to a decrease in the 

levels of melatonin with age (Gupta et at., 2003). Melatonin has been shown to either 

stimulate gene expression for the antioxidant enzymes {superoxide dismutase (SOD, a 

principal antioxidant enzyme levels), catalase, glutathione peroxidase, glutathione 

reductase} or to increase their activity, and also neutralizes hydoxyl radical, superoxide 

radical, peroxyl radical, peroxynitrite anion, singlet oxygen, hydrogen peroxide, nitric 

oxide, and hypochlorous acid which damage cells (Reiter et at., 1995). In rats, it has 

/' been reported that ischemia-reperfusion (I1R) produced free radicals leading to lipid 

peroxidation and damage of· the nervous tissue, while where melatonin treatment 

reversed the I/R-induced increase and decrease in malondialdehyde (MDA, an oxidative 

stress marker) and SOD, respectively (Sayan et at., 2004). Unlike other antioxidants, it 

has been reported that melatonin can easily cross all morphophysiological barriers, e.g., 

the blood brain barrier, and enters cells and subcellular compartments in human (Gupta 

et at., 2003). 
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Melatonin with its antioxidant effects has been reported to protect the 

erythrocytes from impaired deformability in sodium nitroprusside (SNP)-induced 

oxidative stress in human (Aydogan et ai., 2004), and protect against oedema formation 

in guinea pig (Kukner et ai., 2004) and rats (Sayan et ai., 2004), plasma membrane 

fluidity and free radical production in guinea pig (Kukner et ai., 2004), the myelin 

sheaths, axons and the sciatic nerve from I1R injury in rats (Sayan et ai., 2004), and 

testicular damage in rats (Onur et ai., 2004). Melatonin supplementations have been 

reported to strengthen the antioxidant defence system because of decreased reactive 

oxygen substances (ROS), and playa role in treating uveitis in guinea pig (Kukner et 

ai., 2004). Futher, melatonin has been reported to help in limiting cytokine production 

and inflammatory processes (actions that would also lower toxic reactant generation) 

(Reiter et ai., 2004), and protects against the overproduction of reactive oxygen species 

produced by hyperbaric oxygen (HBO) in rat lung tissue (Topal et ai., 2004). Melatonin 

produces a positive effect on both angiogenesis and wound healing in Wistar albino rats 

(Soybir et ai., 2003). In human, melatonin can protect retinal pigment epithelial (RPE) 

cells against hydrogen peroxide (H202)-induced oxidative stress and cell death (Liang et 

ar, 2004). Melaton-in also protects rat brain cells from oxidative damage induced by 

ionizing radiation (Undeger et ai., 2004). Antioxidant potential of melatonin has been 

reported on hyper-ammonemia (induced by ammonium acetate treatment) in rats (Lena 

and Subramanian, 2004). Antioxidant enzymes (e.g., SOD, catalase and glutathione 

peroxidase) and non-enzymatic antioxidants (e.g., reduced glutathione) in brain tissues 

have been reported to be significantly decreased in ammonium acetate-treated rats and 
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to be increased significantly in rats treated with a combination of melatonin and 

ammonium acetate. Further, daily administration of a high dose of melatonin 

significantly attenuated the increase in hepatic thiobarbituric acid reactive substances 

(TBARS) and reduced GSH levels and myeloperoxidase (MPO) activity after bile duct 

ligation (BDL), indicating that melatonin administered orally at pharmacological doses 

exerted a therapeutic effect on cholestatic liver injury in rats with BDL possibly through 

its antioxidant and anti-inflammatory actions (Ohta et at., 2003). These biochemical 

alterations could be due to the ability of melatonin to (i) scavenge a variety of radicals 

and reactive oxygen species, (ii) induce anti oxidative enzymes which reduce steady 

state levels of reactive oxygen species, and (iii) stabilize cell membranes which assist 

them in reducing oxidative damage and, thus, could prevent oxidative stress in rats 

(Lena and Subramanian, 2004). 

Oxidative stress plays an important role in hyper-thyroidism-induced tissue 

damage as well as in the development of autoimmune disorders in human (Bednarek et 

at., 2004). Further, oxidative stress is also involved in pathomechanism of thyroid 

disease, e.g., Graves' disease, goiter formation or thyroid cancer (Karbownik and 

Lewinski, 2003a,b). In rat, treatment with T3 has been found to be associated with 

increased oxidative capacity, lipid peroxidase activity in liver (Venditti et at., 1997, 

1999) and heart (Venditti et at., 1997), susceptibility to oxidative stress and decreased 

antioxidant levels (Venditti et at., 1999). It has been reported that administration of T 3 

or diiodothyronine (T2) to hypothyroid teleosts (Anabas testudineus) increased lipid 
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peroxidation rate (Varghese et al., 2001). Supplementation of 6-n propyl 2-thiouracil 

(PTU) through drinking water in rabbit has been found to have potent antioxidant and 

immunosuppressive effects, and PTU reportedly plays a role in the prevention of 

atherosclerosis by inhibiting vascular smooth muscle cell proliferation and migration 

(Chen et al., 2004). Due to its antiproliferative and immunomodulatory effects, antioxi­

dant potential and low toxicity, PTU has been reported as an effective agent in the 

treatment of psoriasis in human (Kose et al., 2001). Hypo-thyroidism induced by PTU 

and methimazole (MMI) in rabbits resulted in a significant decrease in serum T4 and T3 

concentration and also decreased the serum concentration of the lipid peroxidase 

(Brzezinska-Slebodzinska, 2003). Further, erythrocytes of hypothyroid animals exhibi­

ted higher resistance to oxidative stress when exposed to free radicals generator 2, 2'­

azo-bis (2-amidinopropane) hydrochloride in vitro. The plasma level of hypothyroid 

animal showed about 20% higher ability to protect against iron-binding organic radicals 

C8rzezinska-Slebodzinska, 2003). MMI significantly scavenged H20 2 and decreased the 

amount of H202 generated by the glucose-glucose oxidase system. Further, both PTU 

and MMI can impair thyroid H20 2 generation in addition to their potent thyroperoxidase 

inhibitory effects (Ferreira et al., 2003). Under physiological conditions melatonin and, 

possibly, other antioxidants regulate ROS generation for thyroid hormone synthesis 

(Karbownik and Lewinski, 2003a). Further, melatonin might protect against extensive 

oxidative damage in the course of certain thyroid disorders, cancer initiation or in case 

of a harmful action of some external factors on the thyroid (Karbownik and Lewinski, 

2003a,b). 
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Thus, a large body of available infonnation suggests that both melatonin and 

thyroid honnones are involved in regulation of the oxidative stress, and seem to produce 

opposite effects. While hyper-thyroidism increases the oxidative stress-induced tissue 

damage, hypo-thyroidism and melatonin produce antioxidant effects and protect the 

tissues from the ill effects of the oxidative stress. Since melatonin and thyroid honnones 

are actively involved in the regulation of the oxidative stress, there is a possibility that 

pineal and thyroid interact with each other through their honnones in order to provide 

an optimal neuroendocrine management of the oxidative metabolism as well as the 

oxidative stress. 

Melatonin has been reported to regulate the release of several honnones. It has 

been reported that melatonin inhibited hypothalamic prostaglandin synthesis (Cardinali 

et ai., 1980). It has been reported that melatonin has a suprapituitary site of action to 

inhibit naloxone-induced LH release. It has been suggested that melatonin inhibits the 

activity of the hypothalamic LHRH pulse generator, either directly or indirectly, in 

female rats (Akema et ai., 1997). Melatonin has been found to inhibit LH and FSH 

response to LHRH in rats and dogs (Reiter et aI., 1983). However, administration of 

melatonin either decreased or did not affect LH secretion in man (Weinberg et ai., 1980; 

Reiter et ai., 1983). Melatonin has been reported to inhibit hCG-induced stimulation of 

steroid synthesis in ovarian follicles of rabbits and to delay the appearance or to abolish 

luteal progesterone secretion in monkey (Reiter et ai., 1983). Melatonin has also been 

reported to increase prolactin (PRL) in cultured pituitary cells from fetal rats and to 
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counteract the effects of pinealectomy on LH and PRL release during late pregnancy 

(Hanew et al., 1980). However, chronic daily adminis-tration of melatonin to anosmic 

rats has been reported to inhibit PRL release (Blask and Nodelman, 1980). In Syrian 

hamster, injected at the end of the light or dark phase of daily photoperiod, melatonin 

induces gonadal involution and depression of PRL, LH and FSH secretion in males and 

acyc1icity and afternoon surges of LH and FSH in females (Reiter et al., 1983). In 

sheep, castration-induced increase in plasma LH was blocked by melatonin (Roche et 

al., 1970). Melatonin reportedly decreases plasma testosterone, steroidogenesis in vitro 

(Relkin, 1983) and androgenic effects of testosterone (Reiter et al., 1983). Melatonin 

has been reported to increase vasopressin release from neurohypophysis (Lemay et al., 

1979). 

Melatonin administration has been reported to decrease plasma corticosterone 

levels (Yamada, 1990) and adrenal corticosterone production in vitro (Ng, 1987). In 

rats, melatonin blocked insulin release in vitro (ReI kin, 1983). Melatonin also enhances 

pineal argentine-vasotosin release in cat and inhibits T4 uptake by bovine pineal slices 

in vitro (Rei kin, 1983). Further, melatonin injection also reduced the high serum 

prolactin and T3 levels found in pituitary-grafted rats, and decreased T4 concentration in 

control rats. However, high concentration of prolactin was found to depress melatonin 

content (Cardinali et al., 1987). It has been reported that neither melatonin nor pituitary 

grafts modified serum TSH concentration (Esquifino et al., 1997). Acute infusion of 

melatonin to pregnant and non-pregnant ewes did not change the plasma arginine-

31 



vasopreSSIn and arginine-vasotocin levels (Ross et ai., 1985). However, melatonin 

produced a significant increase in plasma oxytocin in the non-pregnant and not the 

pregnant ewes, suggesting that there is an interaction between melatonin and oxytocin 

in the integration of mammalian reproductive cycles (Ross et ai., 1985). Exogenous 

melatonin as subcutaneous implants has also been reported to elevate plasma leptin and 

thyroid hormone levels in mink, Musteia vison (Mustonen et ai., 2000). 

Melatonin synthesis and secretion also seem to be regulated by a number of 

hormones. Thyroid stimulating hormone (TSH), OH and LH augment and FSH 

decreases melatonin content in rat pineal significantly (Cardinali et ai., 1987). Pineal 

AA-NAT activity is significantly increased following administration of 5a-dihydro­

testosterone (5a-DHT) in castrated male and intact female rats (Menendez-Pelaez et ai., 

1990). Testosterone reportedly down-regulates pineal melatonin synthesis in rat 

(Cardinali et ai., 1987) and men (Luboshitzky et ai., 1996a). Further, gonadotropins and 

other gonadal steroids have also been reported to modulate melatonin secretion in 

humans (Luboshitzky et ai., 1996a,b). In mice, testosterone has been found to be closely 

associated with the secretory process of pinealocytes, and plays an inhibitory role in the 

regulation of activity of the pineal gland (Redins et ai., 1999). Dehydroepiandroste­

rone-sulfate has a direct effect on adrenergically stimulated melatonin release in the rat 

pineal (Martin and Touitou, 2000). Estradiol-17P and estradiol benzoate have been 

reported to inhibit melatonin synthesis in the peripubertal female rats (Okatani et ai., 

1997; Hayashi and Okatani, 1999). The inhibitory effects of estrogens on melatonin 
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synthesis might be due to changes in NE-induced stimulation of pineal adenylate 

cyclase activity (Hayashi and Okatani, 1999). The inhibitory effect of estrogens on 

melatonin also seems to involve modulation of AA-NAT activity (Okatani et at., 1999). 

Estrogens have also been reported to modulate melatonin secretion in perimenopausal 

women (Okatani et at., 2000). It has been found that estrogens, but not progesterone, 

can modulate nocturnal pineal melatonin synthesis in female rats (Cardinali et aI., 1987; 

Okatani et at., 1997). Ovarian steroids reportedly regulate interaction between al- and 

~-adrenergic receptors, and thereby modulate pineal melatonin biosynthesis in female 

rats (Alonso et at., 1995; Hemandez-Diaz et at., 2001). It has been reported that lutei­

nizing hormone stimulates pineal melatonin synthesis and release mainly by increasing 

AA-NAT activity (Hosaka et at., 2002). In rat pinealocytes, vasoactive intestinal 

peptide (VIP), pituitary adenylate cyclase-activating polypeptide (P ACAP) and peptide 

histidine isoleucine stimulated melatonin biosynthesis and caused cAMP efflux and 

phosphorylation of the cyclic AMP response element binding protein (CREB) (Rekasi 

and Czompoly, 2002). Many peptidergic fibers containing peptides such as vasopressin 

and oxytocin have also been found in the rat pineal gland. Oxytocin reportedly has no 

effect on pineal metabolism (Barassin et at., 2000) and it is not involved in the 

regulation of pineal gland function in'rat (Reuss et at., 1993). However, vasopressin has 

been found to modulate melatonin synthesis (Barassin et at., 2000). Corticosteroids also 

seem to influence AA-NAT activity and melatonin synthesis. Administration of 

hydrocortisone acetate at birth retarded the developmental decline in daytime serotonin­

N-acetyltransferase activity (Yuwiler and Brammer, 1981). Corticosterone injection in 
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hypophysectomized rats has been reported to depress AA-NAT activity in rats (Troiani 

et ai., 1988). Corticotropin releasing hormone has also been reported to inhibit the 

pineal secretion of melatonin in normal men (Kellner et ai., 1997). 

It is, thus, clear that melatonin affects physiology of several endocrine glands, 

while its own synthesis and release is also influenced by a large number of hormones. 

The reported interactions between pineal and other neuroendocrine tissues might be 

essential for the regulation of normal physiology of mammalian species. 

The mammalian clock, located in the hypothalamic SCN, is important in the 

coordination of a broad spectrum of physiological, endocrine and behavioral circadian 

rhythms as well as in the regulation of pineal gland metabolism and melatonin secretion 

(Challet et ai., 2003; Toumier et aI., 2003; Hofman, 2004; Simonneaux et ai., 2004). 

The endogenous rhythm of the SCN is influenced by photoperiod (Sumova et ai., 2003). 

A combination of a constant stimulatory output (both during day and night time) and a 

rhythmic inhibitory output of SCN controls the rhythm of melatonin synthesis in the 

mammalian pineal (Perreau-Lenz et ai., 2003). The endogenous circadian rhythmic 

oscillations in SCN rely upon genetic mechanisms involving clock genes coding for 

transcription factors working in negative and positive feedback loops (Reppert and 

Weaver, 2002; Toumier et ai., 2003; Simonneaux et ai., 2004). The basic helix-Ioop­

helix PAS (Period-arylhydrocarbon receptor-singleminded) transcription factors 

CLOCK (Circadian locomotor output cycles kaput) and BMAL1 (Brain and muscle 
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arylhydrocarbon receptor nuclear translocator-like protein 1) have been reported to act 

as positive regulators, and three period proteins (PERI, PER2 and PER3) and two 

cryptochrome proteins (CRYI and CRY2) have been reported to operate as negative 

regulators (King and Takahashi, 2000; Reppert and Weaver, 2002). The autoregulatory 

feedback loop begins with the heterodimer CLOCKlBMALI binding to the E-box of 

the Perl gene promoter thereby initiating the transcription of the gene (Reppert and 

Weaver, 2002). This leads to rise in the levels of the PERI protein in the cytoplasm. 

Soon after that, PER3 and later PER2 are also accumulated, with each of these proteins 

reaching peak levels at different circadian times (Shearman and Weaver, 1999; Jung et 

al., 2003). CLOCKlBMALl also acts as a transcriptional activator of the two 

mammalian cryptochrome genes (Gekakis et al., 1998; Shearman and Weaver, 1999; 

Jung et al., 2003). Once the PER proteins (PERI, PER2 AND PER3) and the CRY 

proteins (CRYI and CRY2) synthesized in the cytoplasm have reached determined 

levels, they form heterodimers with each of the PER proteins. Then the heterodimer 

gets translocated to the nucleus (Barnes et al., 2003). Having reached the nucleus, the 

PER/CRY heterodimers inhibit the transcription of their own genes through inactivation 

of the activating CLOCKlBMALI complex (Barnes et al., 2003). At this point the 

levels of the PERI, PER2, PER3, CRYI and CRY2 proteins in the cytoplasm begins to 

decrease, leading to a parallel decrease in the formation of the inhibiting heterodimers. 

Ultimately, the level of heterodimers has been found to be insufficient to inhibit the 

transcription of the Per and Cry genes, which will once again fall under the positive 

control of the CLOCKlBMALI complex (Cahill, 2002; Barnes et al., 2003). The 
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rhythmic transcription of clock genes, regulated by their own gene products, provides 

the basis for self-sustaining circadian clockworks (Karolczak et al., 2004). The 

mammalian homolog of Drosophila clock protein timeless (TIM) has also been reported 

to playa role in the clock oscillation by interacting with PER (Barnes et al., 2003). In 

addition, basic helix-loop-helix transcription factors DECI and DEC2 inhibit the 

CLOCKlBMALI function, and the expression of Dec1 gene has been found to be 

controlled by CLOCKlBMAL1, suggesting that DEC proteins act as additional negative 

regulators in the feedback loop (Grechez-Cassiau et al., 2004; Kawamoto et al., 2004). 

On the other hand, the transcription of positive regulator gene Email has been found to 

be repressed by an orphan nuclear receptor REV-ERBu, whose mRNA expression is 

activated by CLOCKlBMALI (Preitner et al., 2002; Deda et al., 2002). This regulation 

results in circadian oscillation of Email expression in antiphase with the rhythm of Per 

expression (Yamaguchi et al., 2000; Mitsui et al., 2001). These two loops of negative 

and positive regulators are tightly coupled with each other and constitute the core of the 

circadian oscillator (Yamuguchi et al., 2000; Mitsui et ai., 2001). It has also been 

reported that the cone rod homeobox (Crx) gene, a member of the orthodenticle 

homeobox (Otx) family, also regulates pineal circadian activity in mouse (Gamse et ai., 

2002). Inactivation of Crx in mouse has been reported to cause a reduction in pineal 

gene expression and attenuate entrainment to light/dark cycles, while in the zebra fish 

pineal complex, Otx5 rather than Crx has been reported to regulate genes that show 

circadian expression (Gamse et al., 2002). 
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In the rat pineal gland, Per 1, Per3, Cry 1 and Cry 2 clock genes are also 

expressed with increased transcription during night (Simonneaux et ai., 2004). Further, 

the expression of Per 1 and Cry2 in the rat pineal gland is regulated by the clock-driven 

changes in NE, in a similar manner to the melatonin rhythm-generating enzyme, AA­

NAT. However, the expression of Per3 and Cry1 displayed a daily rhythm not regulated 

by NE, suggesting the involvement of another day/night regulated transmitter(s). Day 

and night mRNA levels of Per3, Per2 and Cry1 have been reported to be unresponsive 

to adrenergic ligands (Simonneaux et ai., 2004). An endogenous clock located in the 

pineal photoreceptor cells in lower vertebrates, particularly in most teleosts and pike, 

drives the daily rhythm in pineal melatonin synthesis and release in vitro (Bernard et ai., 

1997; Klein et ai., 1997; Begayet ai., 1998; Gothilf et ai., 1999), with an exception in 

the trout in which the pineal melatonin rhythm is a direct response to darkness (Bolliet 

et ai., 1997; Coon et ai., 1998). In rainbow trout, the melatonin rhythms are reset daily 

by the ambient lightdark cycle (Bolliet et ai., 1997; Okimoto and Stetson, 1999). These 

features require the expression of an array of specific genes in the pineal gland that are 

involved in photoreception, photo-transduction, clock function, and melatonin 

production (Appelbaum et ai., 2004). 

As III mammals, CLOCK and BMALI are the central components of the 

molecular circadian oscillator in the photoreceptive pineal of fish, which form 

CLOCKJBMALl heterodimer and binds to the promoters of negatively acting clock 

genes (Ishikawa et ai., 2002). The CLOCKlBMALl heterodimers activate transcription 
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and induce expressIOn of the circadian clock genes Per, Cry and Tim genes in a 

circadian feedback loop (Hogenesch et al., 1997; Sangoram et al., 1998; Ishikawa et al., 

2002). CRY has been reported to inhibit transcriptional activity of the CLOCKfBMALI 

heterodimer by generating a negative-feedback loop (Ishikawa et al., 2002). In contrast 

to that of mammals with only one Bmal gene (Hogenesch et al., 1997; Ikeda and 

Nomura, 1997), it has been reported that Zebra fish has two Bmal (Bmall and Bmal2) 

genes, which are rhythmic in both central and peripheral clocks (Whitmore et al., 1998; 

Cermakian et al.~ 2000). Although Clock expression is constant in mammals (Shearman 

and Weaver 1999; Oishi et al., 1998), it oscillates in fish with a pronounced circadian 

rhythm in the brain, retina, pineal gland, in ex vivo kidney and heart in culture dishes 

(Whitmore et al., 1998; Cahill, 2002) as well as in a zebrafish-derived cell line, where 

the circadian clock are directly entrained by light (Whitmore et al., 2000). Expression of 

Bmall in rodents and fish is almost antiphasic, for which the reason is still not clear 

(Cermakian et al., 2000). In zebrafish Clock and Bmall genes oscillate in a rhythmic 

manner, whereas in other animal systems rhythmicity has been observed in either Clock 

or Bmall expression, but not both, and the abundance of all three transcripts has been 

reported to peak in the late day or early night in zebrafish (Cahill, 2002). Further, two 

differences from the mammalian system lie in the regulation of Per2 and in the number 

of Cry genes. However, there is no information on clock protein expression pattern in 

Zebrafish in vivo, or on post-transcriptional and post-translational mechanisms that are 

likely to play important roles in rhythm generation (Cahill, 2002). 
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In addition, in several fishes including that of Zebrafish, aanat gene possesses 

E-box in the 5'-regulatory region which controls the rhythmic expression of the gene 

(Gothilf et al., 2002). Vertebrate aanat gene is recognized as a clock-controlled gene 

that serves as a link between the circadian clock and the output signal-melatonin 

(Appelbaum et al., 2004). The expression of aanat-l in retina and aanat-2 in the pineal 

gland of fish (Coon et at., 1999; Falcon et al., 2003) is determined by distinct, but very 

closely related, regulatory mechanism (Appelbaum et al., 2004). The number of 

photoreceptors releasing melatonin was higher during the subjective dark than during 

the subjective light under both light: dark and constant darkness in culture (Bolliet et 

aI., 1997). It has been reported that Clock controls expression of both AA-NAT and 

tryptophan hydroxylase (TPH) mRNAs in various teleost pineal except in trout, in 

which the levels of these mRNAs are tonically elevated (Begay et aI., 1998; Coon et al., 

1998). 

The endogenous hypothalamic clock has been suggested to be involved in the 

integration of seasonal information (Hastings and Follett, 2001). Consistent with its role 

in circadian timing, it has been suggested that the neuronal changes and adaptations are 

driven by this clock located in the SCN, and that this neural calendar is reset by the 

seasonal fluctuations in photoperiod enabling organisms to anticipate seasonal 

environmental changes (Hofman, 2004). It has been reported that melatonin plays only 

a minor role in SCN function by supplementing the information about light and 

darkness from the RHT (Stehle et al., 2003). Melatonin exerts its synchronizing 
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properties indirectly on clock inputs or clock outputs, or directly on the clock via high­

affinity melatonin receptors (MEL-R) located on cells of the pituitary pars tuberalis and 

SCN (Song et" al., 1999; von Gall et al., 2002) or other binding sites (Pevet et aI., 2002), 

and regulates seasonal reproduction (von Gall et al., 2002). 

Photoperiod has been reported to affect the expression of Bmall, Clock, Period 

(Perl, Per2, Per3) and Cryptochrome (Cryl, Cry2) genes differentially in the SCN of 

Syrian hamsters when kept under long and short photoperiods (Tournier et al., 2003; 

Sumova et al., 2003). The CRE-mediated induction of Per I gene through phospho­

rylation of CREB at Serl42 has been reported to playa pivotal role in photic resetting 

of the central clock (Oster et al., 2003). Antisense oligonucleotides against Perl inhibit 

phase-dependent phase shifts of the clock by light, i.e., phase delay in early night 

(Akiyama et aI., 1999) and phase advance in late night (Tischkau et al., 2003a). In 

mice, prolonged light exposure during daytime and exposure to light pulses at night 

positively modulates daily levels of Perl and Per2 mRNA in the SCN of mice (Challet 

et al., 2003). However, the light induction of Per2 but not Perl is strongly suppressed 

in mice lacking cGMP-dependent protein kinase II (PKG II) (Oster et al., 2003). In the 

mutant mice, only the light induced phase delay is inhibited moderately, suggesting that 

PKG II is required for the photic induction of Per 2 that delays the phase of the clock 

(Gillette and Mitchell, 2002; Tischkau et at., 2003b). However, the precise mechanism 

generating the phase shift in the opposite direction (delay or advance) is still unknown 

(Hirota and Fukada, 2004). C-fos (Vuillez et at., 1996; Jacob et at., 1997) and Per I 
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gene expreSSIOn In the SeN have been found to display MEL-independent 

photoperiodic variations (Messager et al., 2000; Nuesslein-Hildesheim et aI., 2000). 

The integration of the photoperiod by the SeN has been proposed to involve two 

components '(one recognizing variations of the dawn and the other of the dusk) with the 

increase (evening) and the decrease (morning) of melatonin synthesis being regulated 

separately during photoperiodic changes (Illnerova and Vanecek, 1985). Further, the 

phase relationship between these two oscillator components determined the duration of 

the nocturnal melatonin peak. By affecting the daily profile of the light-sensitive Per 

expression, photoperiod in tum affected the kinetics of the expression of the clock 

proteins and consequently the expression of all the clock-regulated genes (Tischkau et 

aI., 2003b). The whole complex molecular clockwork in the rat SeN has been reported 

to be photoperiod-dependent, which differs according to the season of the year (Sumova 

et ai., 2003). 

Birds use the annual photoperiodic cycle to ensure that seasonal events such as 

breeding, molt and song production take place at the most appropriate time of year 

(Dawson et ai., 2001). Increasing daylength, ambient temperature, and rainfall are 

inversely correlated with pineal gland activity and the avian pineal shows cyclical 

patterns relative to environmental factors which are correlated with plasma melatonin, 

and the pineal gland modulates annual variations in adrenal and gonadal activity 

(Sudhakumari et aI., 2001). Unlike in mammalian pineal, the avian pineal gland has 
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been reported to retain a photoreceptive capability and the gland is a photosensor, which 

possess a photic input pathway to the oscillator, a self sustained oscillator/circadian 

clock in the pinealocytes and melatonin synthesizing capability, and expresses circadian 

oscillation of melatonin release (Underwood et al., 2001; Natesan et al., 2002). It has 

been reported that light affects melatonin synthesis through two mechanisms, i) by 

entraining the clock, and ii) by suppression of melatonin synthesis (Bernard et al., 1997; 

Zatz et al., 2000). The SCN of the hypothalamus is essential for the persistence of free 

running circadian activity rhythms in house sparrows (Takahashi and Menaker, 1982). 

Lesion in SCN has been found to abolish circadian locomotory rhythms in constant 

darkness (Takahashi and Menaker, 1982), and arrhythmicity in house sparrows and 

Japanese quail (Underwood et al., 2001). Light plays an- important role in the 

regulation of the amplitude, period, phase of the melatonin circadian rhythm (Zatz, et 

al., 1994), migratory activity (Deguchi, 1981; Underwood and Siopes, 1985; Pohl, 

2000), daily and seasonal changes of behavior, and reproduction (Brandstatter, 2003). It 

has been reported that melatonin -acts at various target sites including a complex 

hypothalamic oscillator that, unlike in mammals, is not confined to a single cell group 

in house sparrow (Brandstatter, 2003). 

There are only few reports regarding involvement of pineal in regulation of 

gonadal activity or gonadal cycles of tropical and sub-tropical birds (Thapliyal, 1981; 

Vivien-Roels, 1981). Pinealectomy induced early and complete gonadal development in 

weaver bird even under non-stimulatory short daylength which has been reported to 
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increase hypothalamic LHRH and plasma LH, and stimulated unseasonal testicular 

development in the weaver bird (Saxena et ai., 1979; Narula and Saxena, 1981). In the 

red headed bunting, pinealectomy has been reported to depend on the phase when the 

birds were pinealectomized, where pinealectomy during the quiescent phase (Nov and 

Jan) accelerated testicular growth during spring (Lal, 1987). In several avian species 

(e.g., house and Java sparrows, European starling, domestic pigeon), melatonin has 

been reported to regulate circadian rhythms of locomotor activity, feeding, and body 

temperature (Chabot and Menaker, 1992; Gwinner, 1989). In songbirds, pinealectomy 

resulted in the abolition or destabilization of overt circadian rhythms such as the rhythm 

of locomotor activity, feeding, or body temperature which were restored either by re­

implanting a pineal organ, by periodic injections or infusions of melatonin, or by 

applying melatonin rhythmically through drinking water (Gwinner et ai., 1997). AA­

NAT activity has been reported to depend on the season, sex and age in chicken 

(Markowska et ai., 2000). 

As in mammals, in birds also AA-NAT activity (Klein and Voisin, 1999) and 

plasma melatonin concentrations (Gwinner et ai., 1997; Dawson and Van't, 2002) have 

been reported to exhibit seasonal variations and day/night rhythm with peak activity 

occurring in the dark phase and low during day or light phase (Siguenza et ai., 1988; 

Binkley et ai., 1989; Rudeen et ai., 1990). The mechanism controlling the nighttime 

increase and the daytime decrease in AA-NAT activity has been reported to be regu­

lated differently in rats and chickens (Binkley, 1981). Both light and NE have been 
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found to inhibit nocturnal AA-NAT activity in cultured chicken pineal glands (Deguchi, 

1979; Wainwright and Wainwright, 1980). As in mammals, in birds also, the rhythmic 

changes in melatonin content of the pineal gland has been reported to be regulated 

primarily by changes in activity of the enzyme AA-NAT (Klein and Weller, 1970; 

Binkley et ai., 1973). It has been found that the daily changes in melatonin content and 

AA-NAT activity in the pineal gland are manifestations of true circadian rhythms 

(Binkley et aI., 1973; Binkley and Geller, 1975). The shape (phase, amplitude and 

duration) of the chick AA-NAT activity rhythm has been found to change after expo­

sure to light-dark cycles of short or long photoperiod, and constant light in vivo 

(Binkley and Moser, 1984; Binkley et ai., 1985). It has been reported that the circadian 

pacemaker of avian pineal gland oscillates both in vivo and in vitro (Wainwright, 1980; 

Binkley and Moser, 1984), where light exposure suppresses the night-time increase in 

AA-NAT activity (Deguchi, 1981; Hamm et ai., 1983). The melatonin circadian rhythm 

in chick pineal cells culture persisted in continuous darkness for at least 5 cycles with 

the dampened amplitude, while high amplitude melatonin rhythm was found when 

maintained in light/dark cycle and constant light exposure lengthened the free-running 

period of the melatonin rhythm (Robertson and Takahashi, 1988). However, the 

melatonin levels in pineal and blood in quail showed a daily rhythm with depressed 

amplitude and lengthened duration under LD 6:18 as compared to LD 18:6 (Underwood 

and Siopes, 1985). Diurnal rhythm in AA-NAT activity was not found either in LL, DD 

or LD 12:12 in 14-day old chick embryos but it was present in 18-day old chick 
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embryos in.cubated under LD 12:12 and LD 16:8 but not under DD or LL (Zeman and 

Illnerova, 1990). 

Nocturnal AA-NAT activity has been found to be increased in 21-day old 

chicks than those of 4-days old chicks (Rudeen et al., 1990). Light caused a significant 

decrease in AA-NAT activity in explanted chick pineal glands (Rudeen et al., 1990) as 

well as in static organ culture, and inhibited melatonin release in flow-through organ 

culture, which was reportedly increased when lights were turned off (Hamm et aI., 

1983). Light pulse has been reported to reset the phase of circadian rhythm (Binkley et 

al., 1980). Further, light pulses have also been reported to delay the rhythm when they 

were imposed in the early subjective dark time, advanced the rhythm when they were 

imposed in the late subjective dark time, and the phase of the rhythm was found to be 

insensitive in the subjective light time (Binkley et ai., 1980). Light pulse applied to 

cultured chick pineal cells maintained in constant darkness or red light has been 

reported to phase shift the rhythm of melatonin release (Zatz et al., 1988; Takahashi et 

ai., 1989). A 3 h light pulse to pineal cells in constant red light, at a certain phase has 

been reported to cause both an acute decrease in melatonin output and a phase advance 

in the clock generating the rhythm of melatonin release (Zatz et ai., 1988). 

A typical nighttime rise in serum melatonin levels was exhibited in hen 

subjected to different cycles of photo periods such as LD 12:12, LD 16:8 and LD 9:15, 

and the duration of rise was found to be directly proportional to the hours of darkness 
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during each light/dark regime (Siguenza et ai., 1988). In the house sparrow, time of the 

year is encoded in a particular melatonin signal, being short in duration and high in 

amplitude in long photoperiods, and long in duration and low in amplitude in short 

photoperiods, independent of whether the light zietgeber is natural or artificial or varies 

in strength (Brandstatter, 2003). Both direct photoreception (Binkley et ai., 1981, 1983) 

and neurotransmitters (Cassone et ai., 1983) have been reported to affect AA-NAT 

activity and melatonin synthesis. Whether entrained or free running, rhythmicity in AA­

NAT has been found to produce identical oscillations in melatonin production by 

superfused chicken pineal organs (Takahashi et ai., 1980). Under DD and both in vivo 

and in vitro, the genes are reportedly controlled by the circadian oscillator of the pineal 

(Thomas et ai., 1998; Klein and Voisin, 1999). It has been reported that the sensitivity 

of AA-NAT activity to light was increased in the second 8 h under LD 8:16 and 

sensitivity to dark was increased in the first 8 h under LD 16:8. The transition from 

LD16:8 to LD 8:16 prolonged the AA-NAT sensitivity during the dark period (Binkley 

et ai., 1989). In LD 16:8, the period of elevated nocturnal activity has been reported to 

last for 7 hours, while under LD 8:16 the evening AA-NAT rise was advanced by 

almost 3 hours relative to the rise in LD 16:8 and occurred at the same time as during 

the 3rd
, i\ and 14th day after the transition (Binkley et ai., 1989). It has been reported 

that the decline in morning AA-NAT did not shift during the first long night under LD 

8:16, but during the third night it was delayed relative to the decline in LD 16:8 by more 

than two hours and occurred at the same time as during the i h and 14th night following 

the LD 16:8 to LD 8:16 transition (Zeman and Illnerova, 1988). yd, i h and 14th days 
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after transition, the period of elevated AA-NAT activity was found to last for 12 hours, 

which suggested that extension of the AA-NAT rhythm preceded first into the evening 

and then only into the morning hours, and accomplished within 2 to 3 days (Zeman and 

Illnerova, 1988). It has been reported that under LL, AA-NAT activity in the pineal 

gland of 16-day-old chicks was reduced to about a half of the usual nocturnal level only 

in the first day, but no suppressive effect of light was observed throughout the following 

two days. However, under DD, AA-NAT circadian rhythm persisted for three 

consecutive days (Doi et ai., 1983). Under LL, the phase of AA-NAT rhythm in chick 

pineal delayed remarkably for three consecutive days, while the phase delayed in a 

lesser degree in DD (Doi et ai., 1983). However, constant light had no adverse effect on 

pinealectomized chicks and indicated that the effect of constant light was mediated by 

the pineal gland (Osei et ai., 1989). The rhythm of AA-NAT activity in the pineal gland 

of 13-day-old chicks was entrainable to a short LD 8:8 and a long LD18:18 photoperiod 

as in a LD 12:12 photoperiod, but a shorter photoperiod such as a LD 3:3 photoperiod 

failed to change the pre-established LD 12:12 rhythm (Doi et ai., 1983). 

It has been reported that the expression of AA-NAT mRNA in the pineal gland 

exhibited circadian rhythm with peak levels at night (Bernard et ai., 1997; Kato et ai., 

1999) and darkness during the day did not increase the pineal AANA T mRNA levels 
. , 

(Kato et ai., 1999). However, exposure to light for 2 hours just after lights-off blocked 

the increase in AA-NAT mRNA and decreased AA-NAT mRNA by 50% at midnight 

(Kato et ai., 1999). In the chicken pineal gland, AA-NAT mRNA rhythm persisted in 
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DD and LL where the amplitude of the rhythm was not decreased in LL (Bernard et al., 

1997). Further, light influenced the phase of the clqck driving the pineal AA-NAT 

mRNA rhythm, and the rhythmic changes in pineal AA-NAT activity reflected clock 

generated changes in mRNA levels. In contrast, changes in mRNA content are not 

involved in the rapid light-induced decrease in AA-NAT activity (Bernard et al., 1997). 

Under polar day, the melatonin rhythms in penguins (Pygoscelis spp, Cockrem, 

1991) and Weddell seals (Leptomychotes weddelii, Barrell and Montgomery, 1989) 

were completely abolished except in high arctic Lapland Longspurs where the 

amplitude of plasma melatonin concentrations were strongly suppressed but showed a 

significant diel rhythm with elevated plasma melatonin concentrations during the night 

(Hau et al., 2002). It has been found that the diel rhythm in this species is due to lower 

ambient light intensity and the rhythm might have been due to masking effect rather 

than a circadian rhythm, or rhythmic alteration between higher and lower intensities 

might have acted as a zietgeber, entraining the circadian system of the bird (Wever, 

1980). Other zietgeber such as the azimuth of the Sun, light intensity, and spectral 

composition of the light (Pohl, 1999), non-photic zietgeber such as availability of food 

or social cues might have kept the circadian system entrained (Reierth and Stokkan, 

1998). 

In avian species, temperature has been reported to play an important role in 

entrainment of the circadian clock and circadian melatonin rhythm in vitro, and directly 
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influenced the synthesis and release of melatonin (Barrett and Takahashi, 1995). Cold 

stress during scotophase significantly decreased melatonin levels in pineal glands and 

serum in quails (Lee et ai., 1990). It has been reported that changes in temperature 

probably act directly on all processes, which have been reported to affect membrane 

properties, ion homeostasis, calcium influx and other signal cascades (cAMP, cGMP, 

protein kinase A and protein kinase C), and influence protein phosphorylation process 

of the clock mechanism (Rensing and Ruoff, 2002). Further, the effects of temperature 

resemble, to some degree, to those induced by light or by light-transducing neurons and 

their transmitters (Rensing and Ruoff, 2002). In addition t9 photoperiod, it has been 

found that temperature is also one of the major regulators of amplitude, period, and 

phase of the melatonin circadian rhythm in the cultured chick pineal (Zatz et at., 1994; 

Barrett and Takahashi, 1997). Melatonin synthesis and its rhythm have been reported to 

be sensitive to changes in temperature where several heat shock proteins (e.g., hsp25, 

hsp70 and hsp90 etc.) have been reported to be synthesized under changing temperature 

conditions, which also caused changes in melatonin production and melatonin rhythms 

in the avian pineal (Wolfe and Zatz, 1994). It has been found that chick pineal cells 
• 

maintained at 40.0° - 43.3° C instead of 36.7° C (Zatz et at., 1994) or exposed to 40° C 

instead of 37° C (Barrett and Takahashi, 1997) increased the amplitude of the melatonin 

circadian rhythm. In contrast, the amplitude was reduced by about half at lower 

temperature of 33.3° C, and melatonin production was stopped within few hours at 

further higher temperature of 46.7° C (Zatz et at. 1994). It has also been reported that 

melatonin rhythm persisted longer in constant conditions at 40° C than at 37° C (Barrett 
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and Takahashi, 1997). The phase response curve to low-intensity light pulses of 6 h 

duration has been reported to have higher amplitude at 37° C than at 40° C, which 

suggested an increase in sensitivity to phase-shifting stimuli as temperature decreased 

(Barrett and Takahashi, 1997). 

Thyroid function in birds is also controlled by many environmental and 

physiological factors (Sharp and Klandorf, 1985). Thyroxine production has been 

reported to be directly controlled by the hypothalamus through thyrotropin releasing 

hormone (TRH) and TSH. Further, the secretion of TRH is reportedly controlled by the 

circadian system and directly responsive to environmental stress, daylength and 

temperature (Kanematsu and Mikami, 1970; Sharp and Klandorf, 1985). It has been 

found that electrolytic lesions in the anterior hypothalamus resulted in the atrophy of the 

thyroid gland (Kanematsu and Mikami, 1970). Similarly, in the quails, plasma thyroid 

hormone levels were depressed by hypothalamic lesions and elevated after localized 

hypothalamic electrical stimulation (Sharp and Klandorf, 1985). TRH in chicken 

(Klandorf et ai., 1978; Kuhn and Nouwen, 1978) and quail (Kamis and Robinson, 1978) 

resulted in increased levels of plasma T 4 and T 3. Photoperiod has been shown to be the 

prime regulator of breeding cycles in birds (Chakravorty et ai., 1985). Increase· in 
, 

daylength leads to the development of the gonads and deposition of fat in the bodies of 

birds (Thapliyal and Gupta, 1989). Seasonal changes in the plasma levels of T 4 have 

been reported in male ring dove, Streptopeiia risoria (Lea et ai., 1986). In young chick 

and duck continuous light treatment stimulated the thyroid (Renden et ai., 1994; Kuhn 
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et ai., 1996). A similar daily T 4 rhythm also occured in the Japanese quail (Herbute et 

ai., 1981). The concentration of plasma T 4 showed no rhythmicity in chickens exposed 

to LD 8:8 and plasma levels of T3 were found to be depressed during the dark periods 

and elevated during the light periods, and responded directly to changes in food .intake 

(Klandorf et ai., 1978). Daily rhythms in plasma T4 and T3 disappeared in chicken 

exposed to LL or DD (King et ai., 1977; Klandorf et ai., 1981). However, a low 

amplitude circadian rhythm in plasma T4 levels persisted after transfer from LD 14:10 

to LL or DD (Klandorf et ai., 1981). 

The daily changes in levels of plasma T 3 in the chicken are inversely related to 

, changes in levels of plasma T 4 in immature and adult chickens (Klandorf et ai., 1978, 

1981; Herbute et ai., 1981). Circadian rhythm was exhibited in the levels of circulating 

thyroid hormones (T4 and T3) in the domestic chicken (Klandorf, et ai., 1978) and the 

duck (Harvey, et ai., 1980). Constant light significantly depressed plasma 

concentrations ofT4 and T3 in chicks (Osei et ai., 1989). In birds also, the production of 

T 3 has also been found to be regulated peripherally by the rate of monoiodination of T 4, 

and the conversion of T 4 to T 3 is dependent on energy intake and influenced by 

circulating levels of other hormones including prolactin (Sharp and Klandorf, 1985). A 

direct evidence that the daily rhythm in the level of plasma T4 and T3 depends on the 

pattern of food intake and the metabolizable energy of the diet suggested that energy 

intake is the main factor regulating plasma T 3 levels and, presumably, the conversion of 

T4 to T3 (Harvey and Klandorf, 1983; Sharp and Klandorf, 1985). It has been reported 
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that in any situation in which energy intake changes, there is a corresponding change in 

plasma T3 levels in birds (AI shaikh et at., 1997). The level of plasma T3 is inversely 

related to the ambient temperature in birds with free access to food. At a high ambient 

temperature (30° C), the concentrations of plasma T 3 were depressed in sexually 

immature (Cogburn and Harrison, 1980) and laying hens, where the depression in 

plasma T3 levels was found to be associated with a reduction in food intake (Klandorf et 

at., '1981). Concentrations of plasma T 3 increased in sexually immature chickens when 

the temperature fell from 27.5 to 17.5 ° C (Kuhn and Nouwen, 1978) and in quails 

transferred from 22-23° C to 10° C (Oishi and Konishi, 1978) .. In contrast, plasma levels 

of T3 have been reported to be increased in quails after transfer from 22° C to 35° C 

(Bobek et at., 1980). T4 levels in chicken were not affected by high ambient tempera-

tures (Klandorf et at., 1981; Harvey and Klandorf, 1983), while T4levels were reported 

to be depressed in quail (Bobek et at., 1980). In chickens (Kuhn and Nouwen, 1978) 

and quails (Bobek et at., 1980; Herbute et at., 1981), levels of plasma T4 increased with 
, . 

decrease in the ambient temperature. In quail, the increase was found to occur within 30 

minutes of transfer from 26° C to 4° C (Herbute et at., 1981), which has been reported to 

be mediated by a direct effect on the secretion of TRH rather than by alterations in food 

intake (Sharp and Klandorf, 1985). 

The levels of thyroid hormones are inhibited by administration of melatonin and 

increased after pinealectomy in birds (Sharp et at., 1984; John et at., 1990; Prakash et 

at., 1998). However, pinealectomy did not have any effect on the plasma levels of 
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thyroid hormones in cockerels exposed to LD 14:10 or to DD (Osol et at., 1980) or to 

different ambient temperatures (Cogburn and Harrison, 1980). Estrogen and 

testosterone have been reported to depress thyroid function in birds (Sharp and 

. Klandorf, 1985). Subcutaneous implantation of melatonin pellets in pigeon has been 

reported to decrease plasma levels of thyroxin with no significant effect on plasma 

levels of T}, while T3/T4 ratio was found to be higher (John et at., 1990). However, 

regardless of the photoperiod, no clear functional relationship was found between the 

avian pineal gland and thyroid function, although a transitory increase in T 4 levels has 

been reported in both pinealectomized (PX) and sham-operated birds (Rintamaki et at., 

1985). It has been reported that PX-cockerels had smaller thyroids at 23° C and larger 

thyroid at 37° C. The concentration of T3 was found to be higher in PX-cockerels than 

the intact ones (Cogburn and Harrison, 1980). High environmental temperature has 

been reported to depress serum T 3 concentration independent of surgical treatment 

(Cogburn and Harrison, 1980). ) 

Reptiles 

In reptiles also daily and seasonal variations in hormone levels influence the 

complex behavior and physiology (Lutterschmidt et at., 2002). Pineal organ in ecto-

therms has been reported to be a part of a circadian pacemaker system, transducing 

photo:-thermal environmental information into a neuro-chemical signal (Mahapatra et 

at., 1988; Firth and Kennaway, 1989), where photoperiod and thermoperiod have been 

reported to influence melatonin rhythms anq the timing of annual physiological cycles 
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(Firth et at., 1991). It has been reported that both light and temperature are important 

modulators· of pineal function in gecko (Christinus marmoratus), although their 

combined effects on pineal melatonin production is complex and unclear (Moyer et at., 

1997). Both light and temperature reportedly control the pineal rhythm of melatonin 

synthesis and secretion in the lizard, Anolis carolinensis (Underwood and Calaban, 

1987). It has been reported that photoperiod and temperature interact with each other to 

influence serum melatonin in Nerodia rhombifera, with photoperiod affecting the phase 

and temperature affecting the amplitude of the diel melatonin cycle (Tilden and 

Hutchinson, 1993). The lizard pineal can act as a photo- and thermo-endocrine trans­

ducer translating light and temperature information into an internal cue in the form of 

pineal melatonin rhythm, which in tum may control the phase and period of the 

circadian clocks located elsewhere insuring that the right internal events occur at the 

right time of the day (Underwood and Calaban, 1987). 

Seasonal variations in circadian rhythms of plasma melatonin has been reported 

in ruin lizard (Podorcis sicuta) during spring, summer and autumn under a LD cycle, 

and concomitant responses when transferred to DD (Bertolucci et at., 2000). Further, 

melatonin levels have been reported to remain high under DD in spring, unchanged in 

summer, low in fall and exhibited circadian rhythm only in summer (Bertolucci et at., 

2000). Pineal melatonin content in Testudo hermanni in natural lighting has been 

reported to show peak night-time melatonin levels during summer (May to September) 

at the period of greatest activity, while melatonin levels were reported to be very low 
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with no circadian rhythm during hibernation (Vivien-Roels and Arendt, 1979). Plasma 

melatonin levels in intact green inguana, Inguana inguana were found to be high during 

the night and low during the day (Tosini and Menaker, 1996). PX-lizards have been 

reported to show low levels of plasma melatonin during both the day and night (Tosini 

and Menaker, 1996). Illumination for 2 h did not suppress the nocturnal melatonin peak 

in the Anolis carolinensis pineal (Underwood and Calaban, 1987). In Terrapene 

Carolina triunguis, no clear cut melatonin rhythm was observed under short photo­

period LD 8:16 (Skene et ai., 1989). In male lizard, Anolis carolinensis photoperiod at a 

constant temperature had a profound effect on the duration, amplitude, and phase of the 

pineal melatonin rhythm (Underwood and calaban, 1987). Further, both daily light and 

temperature cycles have been reported to entrain the pineal melatonin rhythm, where 

melatonin levels peaked during the dark phase of a LD cycle or during the cool phase of 

a temperature cycle. The pineal melatonin rhythm under cyclic temperature has been 

found to exhibit a peak during the cool (20° C) phase of the cycle regardless of whether 

or not the cool phase occurred during the light or dark phase under LD 12:12 and DD. 

However, the amplitude of the rhythm under DD was been found to be depressed as 

compared to that observed under LD 12:12 (Underwood and Calaban, 1987). 

Temperature cycles as low as 2° C entrained the pineal melatonin rhythm in lizards held 

in LL or DD. The lengths of the photoperiod and thermoperiod have been found to 

affect the phase, amplitude, or duration of the pineal melatonin rhythm (Underwood and 

Calaban, 1987; Vivien-Roels et ai., 1988). The effects of light and temperature cycles 

on the pineal melatonin rhythm depended on the phase relationship between the light 

55 



and temperature cycles, as well as on the strength of the entraining stimuli, such as the 

amplitude of the temperature cycle (Underwood and Calaban, 1987; Vivien-Roels et at., 

198~). 

Melatonin has been reported to decrease mean preferred body temperature in 

nocturnal snake, L. fuliginosus (Lutterschmidt et at., 2002). Seasonal variation in 

accordance with changes in the environmental temperature in serotonin immuno­

reactivity and ultrastructure of the secretory rudimentary photoreceptor cells has been 

reported in the pineal organ of the Japanese grass lizard, Takydromus tachydromoides 

(Ohshima et at., 1999). Temperature acclimation of adult turtles has been reported to 

induce changes in metabolic physiology (O'steen and Janzen, 1999). Ambient 

temperature has also been found to alter serotonin, NE and epinephrine content in the 

pineal-parapineal complex of turtles (Lissemys punctata punctata) (Mahapatra et at., 

1989). Diurnal melatonin concentrations has been found to rise linearly with the 

increase in ambient temperatures (5, 15, 20 and 27° C) with no day/night differences 

suggesting that pineal melatonin in the box turtle, Terrapene Carolina triunguis is 

modified by the photoperiod and to a lesser extent by temperature (Skene et at., 1989). 

Environmental temperature was found to affect the amplitude of the day-night rhythm 

·of melatonin production in turtle (Vivien-Roels et at., 1988). Exposure of Anolis 

carolinensis to a constant cold temperature of 10° C eliminated the pineal melatonin 

rhythm, yet a rhythm was expressed under 24 h temperature cycle 32° C: 10° C, and the 

rhythm peaked during the 10° C phase of the cycle (Underwood and Calaban, 1987). 
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The pineal organ of gecko, Christinus marmolatus maintained in vitro at 30° C: 15° C 

thermo cycle has been found to elicit a rhythm of melatonin production under LD 12:12, 

LL or DD (Moyer et al., 1997). When the cryophase coincided with the dark phase of 

the photo cycle or with the subjective night, then the thermocycle was 180° out of phase 

with the photoperiod and the rhythm of melatonin production was found to be disrupted 

suggesting a differential pattern of sensitivity to photothermal stimuli (Moyer et at., 

1997). Further, in snakes under LD 12:12, a diel cycle of serum melatonin 

concentrations at 25° C was elevated during scotophase which was higher than those 

exposed to 35° C, where serum melatonin concentrations during photophase at 10° C 

was lower than that at 25° C with no increase during scotophase (Tilden and 

Hutchinson, 1993) . 

. Seasonal variations in thyroid hormones have been reported in several reptilian 

species. In the male aspic viper (Vipera aspic), the plasma thyroxine was at maximum 

concentration from February to March, after which the levels decreased markedly 

reaching to a minimum in November-December (Naulleau et al., 1987). The seasonal 

profile of thyroxine has been reported to be clearly marked during the period of 

hibernation (Naulleau et al., 1987). The plasma levels ofT4 remains uniform throughout 

the year in male green sea turtle, Chelonia mydas (Licht et al., 1985b). There is a signi­

ficant secretion of thyroid hormones in reptiles when kept at 30° C than that of 20° C 

(Hulbert and Williams, 1988). The temperature dependence of thyroid hormone action 

has been reported in several lizard species (Thapliyal, 1980; Gupta and Thapliyal, 
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1991). The secretion rates of thyroid hormones in reptiles (at their preferred 

temperature) are less than those in mammals indicating that thyroid gland activity is less 

in reptiles than in mammals (Hulbert and Williams, 1988). Further, plasma T4 

concentrations are also less in reptiles than in mammals. In the cobra (Naja naja) and 

lizards, T4 levels were found to be low during most part of the year, and were high only 

during summer (Bona-Gallo et at., 1980; lohn-Alder and Bennett, 1987). Although the 

seasonal peaks are found to be high during summer for reptiles, they were found to be 

lower than that of the mammals (Bona-Gallo et a[;, 1980; lohn-Alder and Bennett, 

1987). In the turtle, Pseudemys scripta the thyroid gland was relatively insensitive to 

temperature and responded to TSH between 12° C and 32° C with no difference 

between 20° C and 28° C (Licht et al., 1989). An increase in plasma T 4 levels has been 

reported in Vipera aspis kept at SO C or exposed to natural conditions (Fleury and 

Naulleau, 1987). 

Amphibians 

Day-night variations in pineal AA -NAT activity and melatonin contents in 

pineal organ and serum have been reported in the frog, Rana escutenta, which seems to 

be affected by photoperiod (d'Istria et at., 1994). Plasma melatonin level in the neotenic 

tiger salamander (Ambystoma tigrinum) was affected by photoperiod and pinealectomy 

(Gem and Norris, 1979). No melatonin rhythm was observed in pineal and plasma of 

the frog, Rana perezi kept under short photoperiod and low temperature in February 

(Delgado and Vivien-Roels, 1989). Further, the duration or intensity of light exposure 
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was not able to inhibit nocturnal AA-NAT activity in 1 month and 6 months old frog, 

Rana tigrina (Lee et al., 1997). Plasma melatonin rhythms has been reported to be 

entrained by the LD cycle and affected by temperature (Wright et al., 2003). 

Consequently, melatonin has been reported to transduce environ-mental information to 

regulate endocrine periodicity and larval circadian organization, and influences 

metamorphic rate (Wright et al., 2003). In Rana perezi, increase in environmental 

photoperiod and temperature induced a day-night rhythm of melatonin levels in the 

plasma, while a decrease in environmental temperature abolished the melatonin rhythm 

(Delgado and Vivien-Roels, 1989). In cultured pineal of the green frog (Rana perezi) 

AA-NAT activity and melatonin rhythms were similar to that observed in vivo under 

natural environmental conditions, where forskolin increased AA-NAT activity up to 2-

fold and melatonin production upto 4-fold irrespective of lighting conditions. The 

addition of cycloheximide in vitro significantly reduced both nocturnal AA-NAT 

activity and melatonin release (Alonso-Gomez et al., 2000). Melatonin plays a role in 

metamorphosis in anuran amphibians as a thyroid antagonist, whose level falls at the 

metamorphic climax when the thyroid hormones reach a peak (Rose and Rose, 1998; 

Wright and Alves, 2001; Wright, 2002). 

The endogenous secretion in T4 has been found to exhibit rhythmicity in the 

tadpoles of Rana pipiens (Wright et al., 1986). Metamorphic progress has been found to 

be affected by T4-melatonin interactions at the tissue level (Wright, 2002). In anuran 

tadpoles under LD 12:12, it has been reported that at Stage XX, both follicle cell height 
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and cell division were rhythmic while lumen diameter, showed no significant daily 

changes. Thyroids from Rana catesbeiana larvae at Stages XVII to XVIII had a 

significant circadian rhythm of T 4 secretion in vitro (Wright et ai., 1995). It has been 

reported that the daily sequence of thyroid structure and function in preclimax Rana 

tadpoles included larger follicle lumina early in the light and maximum cell division, T4 

secretion, and follicle cell height within a 4 h interval beginning around the onset of the 

dark phase (Wright et ai., 1995). In Rana catesbeiana tadpoles during premetamor­

phosis, circulating levels of both T4 and T3 were below the limits of detection and a 

gradual rise in plasma of ·total as well as free T 3 and T 4 became apparent during 

prometamorphosis. At the onset of the metamorphic climax, the levels of both T3 and T4 

increased sharply (Regard et ai., 1978). Further, the peak levels for both hormones were 

observed in the middle of metamorphic climax (stage XXIII) where circulating T3 level 

reached a mean peak at least 15 times greater, and T4 level exhibited about a 10-fold 

increase over the premetamorphosis level (Regard et ai., 1978). 

The rhythms of T 4 and the corticosteroids are reportedly entrained to the LD 

cycle, and these rhythms and those of melatonin exhibit changes during development in 

a specific way under each LD cycle. Differences in the direction and magnitude of 

phase shifts during development has been reported to place the peaks of thyroid 

modulators, such as the corticosteroids and melatonin, in different relationships to the 

T 4 peaks suggesting an important aspect of the hormonal regulation of metamorphosis 

(Wright, 2002). In the tadpoles of Rana catesbeiana under LD 6: 18, no LD cycle-
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specific diel fluctuations was recorded in froglet plasma T4 at prometamorphosis while 

under LD 12:12 plasma T4 peaked during the scotophase at prometamorphosis and early 

climax. Under both LD cycles, the 24 h mean of plasma T 4 was found to increase at 

climax and and then fall (Wright et al., 2003). An annual variation in the T4 contents of 

the thyroids in females of the giant swamp frog, Dicroglossus occipitalis has been 

reported to be positively correlated with gonado-somatic index (GSI) and egg size, and 

plasma T4 concentrations negatively correlated with GS!. Changes in thyroidal and 

plasma T4 may be the result of an activation of thyroid function by the peripheral 

conversion of T4 into T3 (Kuhn et aI., 1987). In adult Rana perezi, significant daily 

changes in plasma T 3 levels were present during spring, summer and autumn but not in 

winter, the lowest values being observed during the scotophase (Gancedo et al., 1996). 

In contrast, only plasma T4 showed significant changes in spring, following a similar 

pattern as that of T3. Thyroid IT3 content has been reported to exhibit day/night 

significant changes only in spring showing high contents at early scotophase. Further, 

the existence of seasonally changing daily fluctuations in thyroid activity in Rana perezi 

has been suggested, and an interaction between photoperiod and temperature is 

supposed to plays a role in the regulation of these daily changes (Gancedo et al., 1996). 

Thyroid hormones exhibited circadian rhythmicity in plasma and the thyroid gland of 

male Rana ridibunda before and during hibernation, while hibernating frogs in January 

had a lower T3 and T4 content of their thyroid gland. Plasma levels of T3 were 

maintained and ofT4 increased compared to fed September or October frogs. Increased 

photoperiod in January was supposed to be responsible for the increased T 4 secretion, 
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since in December there was no influence of low temperature on circulating T 3 or T 4 

levels (Kuhn et ai., 1983). 

Plasma melatonin levels were found to decrease in tadpoles of the bullfrog 

(Rana catesbeiana) at the climax of metamorphosis when the T4 level exhibited peaks, 

and melatonin was found to inhibit thyroid function in vitro (Wright and Alves, 2001). 

Daily injection of melatonin to tadpoles kept at 22° C under an LD 18:6 cycle had no 

effect on metamorphic progress, or on plasma T 4 or melatonin levels, except for a 

transient rise in melatonin just after the injection (Wright and Alves, 2001). Further, 

melatonin accelerated metamorphosis which have been reported to occur through 

alterations in the concentration of prolactin and impaired body size in Xenopus iaevis 

(Rose and Rose, 1998) and Rana catesbeiana, and decreased plasma melatonin had no 

effect on plasma T4 (Wright and Alves, 2001). Administration of T4 accelerated 

metamorphosis more than by immersion in melatonin solution, raised plasma T 4 to 

climax levels, and induced a decrease in plasma melatonin (Wright and Alves, 2001). 

Fishes 

Fishes perceIve environmental light regImes through. eyes and the pineal 

complex. The pineal complex of fish consists of pineal gland and the parapineal 

(Vollrath, 1981). However, the pineal hormone is produced only by the pineal and not 

by the parapineal. The fish pineal contains photoreceptor cells, which perceive light 

directly and synthesize and release melatonin in absence of light (Falcon et ai., 1989). 
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The fish pineal has developed mechanisms to modulate melatonin synthesis by 

responding directly to environmental light and indirectly to environmental temperature 

via the central nervous system to ensure survival under the ever-changing aquatic 

environment. The regulation of melatonin synthesis in fish pineal by light and/or 

temperature (Gem and Greenhouse, 1988; Falcon et at., 1989; Kezuka et at., 1989; 

Zachmann et at., 1992; Bolliet et at., 1993) seems to suggest that the fish pineal might 

be acting as a photo-transducer as well as a thermo-transducer organ and mediates 

influence of lighting conditions on fish physiology (Matty, 1985b; Meissl, 1986; Falcon 

et at., 1989; Underwood, 1989; Zachmann et at., 1992). It has been reported that diurnal 

cycle of melatonin in blood is the result of rhythmic melatonin production in the pineal 

organ (Kezuka et at., 1989). In fishes also AA-NAT is the rate-limiting enzyme in the 

melatonin biosynthetic pathway (Coon et ai., 1999), which controls the circadian 

pattern of melatonin synthesis (Kezuka et at., 1988; Coon et ai., 1999). Although a 

single AA-NAT gene has been found in mammals and chicken, two aa-nat genes in 

fishes, which are designated as aa-nat-J and aa-nat-2, have been identified in pike and 

trout (Coon et at., 1999; Mizusawa et at., 2000). In pike it has been reported that AA­

NAT-l is exclusively expressed in the retina and AA-NAT-2 in the pineal gland (Coon 

et at., 1999; Gothilf et at., 1999). Rhythmic changes in melatonin synthesis has been 

found to be regulated by changes in AA-NAT activity. The rhythm in AA-NAT activity 

in fishes, as in most vertebrates, is driven by circadian clocks, and photoperiod resets 

and entrains the clocks (Kezuka et at., 1988; Coon et at., 1999). The cyclic appearance 

of melatonin in relation to photoperiod has been described in other vertebrates as well 
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(Gem and Norris, 1979; Maeda et ai., 1984; Underwood et al., 1984; Siguenza et ai., 

1988). As in mammals, plasma melatonin levels in fishes also fluctuate in a rhythmic 

manner with high levels during the dark phase and low levels during the light phase 

(Gem and Greenhouse, 1988; Kezuka et ai., 1988, 1989; Falcon et ai., 1989; Zachmann 

et ai., 1992). The daily cyclic of plasma melatonin levels in gold fish was abolished 

following pinealectomy (Kezuka et ai., 1988). Diel melatonin secretion profile has been 

reported to reflect the illumination regimen in vitro with light or photophase associated 

with low melatonin titer in the perfusate and darkness or scotophase associated with 

high titer in Salrno gairdneri (Gem and Greenhouse, 1988). Light acts independently 

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

proteolysis of AA-NAT protein (Gastel et ai., 1998). Organ culture studies with trout 

and seabieam also indicate that the light-induced decrease of AA-NAT-2 activity is 

prevented when proteasomal proteolysis is blocked (Falcon et ai., 2001). It has been. 

reported that light pulses during the normal scotophase resulted in a depression in 

melatonin secretion regardless of whether it was given early or late in the dark period, 

while pulses of darkness given early or late in a normal photophase has been reported to 

increase melatonin secretion (Gem and Greenhouse, 1988). An endogenous rhythm in 

melatonin synthesis under DD was not detectable in trout pineal, whether the pineals 

were first entrained to LD prior to DD or exposed to DD at the initiation of the 

superfusion. Exposure to a LD 4:4 cycle after DD has been reported to result in a 

decreased melatonin secretion under light and increased under darkness (Gem and 

Greenhouse, 1988). Further, melatonin secretion in fishes also seem to be influenced by 
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environmental temperature (Zachmann et ai, 1992; Tabata and Meissl, 1993; Samejima 

et al. 2000). The seasonal fluctuations in photoperiods and temperature have also been 

reported to regulate the circadian and circannual rhythms of melatonin production in 

fish (Randall et ill., 1995; Pavlidis et al., 1999). 

Temperature is directly involved in the control of the fish pineal melatonin 

production in vitro. No significant endogenous rhythm in the release of melatonin was 

found at low temperature (10° C) by pineals of lamprey (Petromyzon marinus) cultured 

under DD (Bolliet et al., 1993) and white sucker, Catostomus commersoni (Zachmann 

et al., 1992) and in superfused trout (Oncorhynchus mykiss) pineals at 9° C (Gem and 

Greenhouse, 1988). However, endogenous rhythmicity of melatonin production was 

reported at higher temperature (20° - 27° C) under DD in the pineal of L. marinus and 

Carassius auratus (Iigo et al., 1991), in white sucker (Catostomus commersoni) pineal 

maintained in vitro (Zachmann et al., 1992), in statically cultured pineal at 27° C of pike 

(Esox licius) (Falcon et aI., 1989), and in static gold fish pineal organ culture at 25° C 

(Kezuka et al., 1989). In contrast to these species, it has been reported that. the pineal 

organ of the rainbow trout did not contain any endogenous oscillator entraining the 

rhythm of melatonin secretion (Bolliet et al., 1997; Coon et al., 1998). Temperature has 

been reported to have a strong influence on the amplitude of melatonin rhythm in 

Petromyzonmarimus, where the peak melatonin titers were decreased at 10° C when 

compared with those at 20° C (Zachmann et al., 1992). At 10° C, a low plasma 

melatonin rhythm amplitude has been reported in P. marimus maintained under LD 
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12:12 (Bolliet, et ai., 1993), whereas pineal of animals reared at 20° C and cultured at 

the same temperature released constant levels of melatonin during the night (Zachmann 

et aI., 1992). 

In fishes, melatonin is considered to be the most physiologically active indole 

derivative (Zachmann et ai., 1992). Pineal plays an important role in controlling 

gonadal maturation. Melatonin may either stimulate or inhibit gonadal maturation 

depending on the time of the year and stage of the reproductive cycle and also on the 

photoperiod-temperature regime to which the fishes are exposed (Garg, 1989). 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 

rhythm (Garg and Sundararaj, 1986; Morita et ai., 1989). The pineal gland in fish has 

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

daily shifts ofa fish's activity as analysed by behavior analysis (Kavaliers, 1981; Tabata 

et ai., 1988). Melatonin reportedly produces prominent effects on growth and 

metamorphosis (Eddy, 1969), pituitary (Vollrath, 1981), thyroid (Nayak and Singh, 

1987a,b), adrenal (Agha and Joy, 1989), interrenal function (Vollrath, 1981) etc. As in 

mammals, melatonin appears to exert its effects via the hypothalamo-hypophyseal­

gonadal axis (Vollrath, 1981). 

Administration of melatonin increased the SIze of gonadrotropic cells in 

Carassius auratus and reduced the number of gonadotorphs in Heterapneustes fassilis 
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(Vollrath, 1981). An increase in the number of gonadotrophs in Notemigonus after 

pinealectomy points to an inhibitory influence of the pineal on the pituitary gland. 

Further, administration of melatonin has been reported to reduce pituitary prolactin 

levels in Fundulus similis (Vollrath, 1981). However, effects of pinealectomy on 

pituitary prolactin levels seem to depend on the photoperiodic regime (Vodicnik and de 

Vlaming, 1978). The pineal organ in fish exerts an inhibitory influence on the activity 

of the adrenal in the Indian catfish (Agha and Joy, 1989). However, there is paucity of 

information on the effects of melatonin on thyroid hormones in any fish in relation to 

temperature, seasons and photoperiod. 

The fish thyroid gland secrets thyroxine (T4) and triiodothyronine (T3) as in 

other vertebrates. In teleosts, thyroid hormones exert effects on embryonic develop­

ment, growth, function of the central nervous system, and activities of certain metabolic 

enzymes (Varghese et ai., 2001; Tripathi and Verma, 2003; Boiko et ai., 2004; Lema 

and Nevitt, 2004). In piscine species thyroid hormones are involved in the regulation of 

the oxidative and intermediary metabolism (Plisetskaya et ai., 1983; Gupta and 

Thapliyal, 1991; Lynshiang and Gupta, 2000), reproduction (Bhattacharya, 1987), 

growth and development (Power et ai., 2001), breeding cycle (Volkoff et ai., 1999), 

sexual maturation, behavior, migration (Ueda et ai., 1984; Matty, 1985a; Cyr et ai., 

1998; Pavlidis et aI., 2000), electrolyte and water metabolism (Peter et ai., 2000) etc. 
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There is scarcity of information on seasonal variation in the levels of thyroid 

hormones and melatonin in fish species (Iigo et ai., 1997; Samejima et ai., 1997). 

Circadian variations in the ci;culating levels of thyroxine (T 4) and triiodothyronine (T 3) 

of fishes are reportedly controlled by diurnal fluctuations in the ambient temperature, 

physical activity, photoperiod, feeding etc. (Matty, 1985a; Cyr et al., 1988; Leiner et 

ai., 2000). However, the circannual variations in these hormones seem to be closely 

associated with circannual variations in ambient temperature, daylengths and gonadal 

steriods (Pavlidis et al., 2000). Acclimation to warm has been generally observed to 

stimulate thyroid activity in fish, although an inverse relationship between thyroid 

epithelial cell height and ambient temperature hasbeen often reported (Eales, 1979). It 

has also been reported that plasma T3 and T4 were increased at low temperature, and 

positively correlated with thyroid epithelial cell hight (Eales et ai., 1982). In rainbow 

trout (Salrno gairdneri), there were no changes in plasma T4 or T3 levels as a function of 

temperature (Perrier et ai., 1979). A 3-fold increase in the secretion of hormonal iodine 

has been recorded in eels (Anguilla anguilla) at 250 C as compared to 6.50 C (Leloup 

and Fontaine, 1960). Further, differential effects of temperature on metabolism and 

plasma levels of T 4 and T 3 have also been reported in eels (Leloup and DeLuze, 1985). 

Unlike in mammals, there is scarcity of information on the effects of 

melatonin on the circulating levels of thyroid hormones in any fish species. It also 

remains unknown whether hypo- and hyper-thyroidism influence AA-NAT activity in 

the fish pineal. Though melatonin and thyroid hormones are involved in the regulation 
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of a wide range of physiology as well as the gonadal cycles of fishes, so far no attempt 

has been made to investigate the interrelationship between pineal and thyroid in a fish 

with special reference to its annual gonadal cycles, temperature and photoperiod. 

Therefore, keeping in mind the scarcity of information and importance of melatonin, 

thyroid hormones, temperature and photoperiod in fi·sh physiology, it was thought 

worthwhile to undertake a comprehensive study to explore the nature of 

interrelationship, if any, between the thyroid and the pineal gland in an air-breathing 

exotic cat fish, Clarias gariepinus. 
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CHAPTER-l 

MATERIALS AND METHODS 

INTRODUCTION 

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

habitats 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. The air breathing in fish is a common phenomenon, which can be 

found among a wide range of freshwater as well as marine species (Sayer and Davenport, 

1991). The freshwater air breathing fishes supplement their aquatic respiration primarily 

by utilizing atmospheric oxygen (02) and release carbon dioxide (C02) aquatically 

(Hazel, 1993): However, marine air breathing fish species emerge out of water 

completely and are able to exchange 02 as well as C02 in air (Bridges, 1993). 

. . 

The bodily functions of the fish are directly or indirectly subjected to fluctuations 

in the environment. Changes in the environment lead to continuous adjustment in the 

physiological and morphological characteristics of the fish (Hazel, 1993). Fish body 

temperature is more or less parallel to water temperature, and increases/decreases with 

the rise/fall of the temperature. This change in body temperature has a pervasive effect on 

the biological processes and greatly accelerates metabolic pathways with increasing 

temperature (Cossins and Bowler, 1987). Unlike mammals and birds, fishes must cope 

with the effects of extreme and varying body temperature on their activity and behavior. 
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· Fluctuations in environment exert a regulatory influence on the plasma levels of thyroid 

hormones and pineal arylalkylamine-N-acetyltransferase activity (AA-NAT) activity. 

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 plasma thyroid hormone 

levels and AA-NAT activity, and the biostatistical and computational 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 (aquatic and 

atmospheric) breathing habit, and often comes to the surface of water to engulf 

atmospheric air. Clarias gariepinus breeds during monsoon (Yalcin et ai., 2001). 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 gonads undergo regression 
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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.). It has been suggested that pituitary gland through the cyclic synthesis 

and release of gonadotropins regulates the cyclic activity of gonads resulting in 

synchronised gonadal maturation and spawning (Reiter et al., 1983). Clarias gariepinus 

is commonly used for fish farming in different parts of India. 

For this dissertation, adult male Clarias gariepinus (body weight: 90-1 ~Og; body 

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

in ,clear plastic tubs and acclimatized before starting any experiment at least for 15 days 

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 everyday 

to avoid infections. 

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 (D. K). Radioimmunoassay kits were obtained from the Division of 

Radiopharmaceutical Operations, Board of Radiation and Isotope Technology (BRIT), 
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Mumbai. General chemicals were purchased from S. D. fine chemicals, India and E. 

Merck, India. 

Collection of blood samples and pineals: 

Fishes were decapitated and blood samples from the post-caudal region were 

collected in numbered heparinized centrifuge tubes, avoiding the body fluid. The blood 

samples were centrifuged at 3000 rpm for 10 minutes to obtain plasma. The plasma 

samples were stored in the ice-chamber (-8 to -10° C) of a refrigerator for measuring the 

thyroid hormones. 

Simultaneously, in order to collect pineal, the pineal window was exposed with 

the help of a sterilized surgical blade. During the dark phase, pineals were collected under 

dim red light. The collected pineals were placed in Eppendorf tubes and immediately 

stored in liquid nitrogen. 

Measurement of plasma levels of total thyroxine (T 4) and triidothyronine (T 3): 

The plasma levels of total T3 and total T4 were measured with the help of 

radioimmunoassay using kits (RIAK4/4A for T3 and RIAKS/SA for T4) procured from 

the Board of Radiation and Isotope Technology (BRIT), Mumbai (for details, please 

see Protocol 1 and Protocol 2). The RIA of T 3 and T 4 were conducted following 

manufacturer's protocol with slight modifications (Gupta and Premabati, 2002a). The 

hormone free fish plasma used in the assay was prepared by two cycles of addition of 
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dextran-coated charcoal to pooled fish plasma, continuous stirring for 6 hours and 

centrifugation. Polyethylene glycol (PEG) solutions (12% for T3 and 22% for T4) were 

used to separate the bound and free fractions of T3 and T4 in the respective RIA. The 

intra- and inter-assay variations in the assays were found to be on average less than 

3.5% and 6.5% for T3 and T4, respectively. The radioactivity in the bound fraction was 

counted with the help of a well-type gamma counter (Electronic Corporation of India). 

The concentrations of total T 3 and total T 4 were expressed as ng/ml of plasma. 

Measurement of pineal arylalkylamine-N-acetyltransferase (AA-NAT) activity: 

Arylalkylamine-N-acetyltransferase (AA-NAT) activity was measured with the 

help of radio-enzymatic assay as described by Deguchi and Axelrod (1972) with slight 

modifications (for details, please see Protocol 3). 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 III 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, 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 DPM with the help of a liquid scintillation counter 
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(Wallace). 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 nrnol/pineallhour. 

Analysis of data: 

Statistical: 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. 

Computational methods: Aero program based on least square fitting of single cosine 

function (Nelson et at., 1979) was used for the analysis of mesor (mean level), amplitude 

(half of the excursion range), acrophase (time of the peak of the rhythm), 95% confidence 

interval (C. I), goodness of fit and threshold of the circadian rhythm. A p < 0.05 was 

considered as significant. 

These standard methods were followed in all experiments. The details of 

experimental protocols are described in the following chapters. 
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, Protocoll: Major steps in radioimmunoassay of total T 4 

Add 100 III of assay .buffer in numbered tubes 

~ 
Add 100 III plasma sample in prescribed tubes 

~ 
Add 100 III antiserum in prescribed tubes 

~ 
Add 100 III 125 1_ T 4 to all the tubes 

~ 
Mix and incubate the tubes at 37° C for 30 minutes 

~ 
Add 1 ml of polyethylene glycol 

~ 
Mix and centrifuge at 3000 rpm for 20 minutes 

~ 
Discard the supernatant 

Count radioactivity in the telIet USing a Gamma counter 

~, 
Prepare a standard curve & calculate results using the standard curve 
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Protocol 2: Major steps in radioimmunoassay of total T3 

Add 300 ~l of assay buffer in numbered tubes 

~ 
Add 50 ~l plasma sample in prescribed tubes 

~ 
Add 1 00 ~l antiserum in prescribed tubes 

~ 
Add 1 00 ~l 125 1_ T 3 to all the tubes 

~ 
Mix and incubate at 37° C for 45 minutes 

~ 
Add 1 ml of polyethylene glycol 

~ 
Mix and centrifuge the tubes at 3000 rpm for 20 minutes 

~ 
Discard the supernatant 

C d····· h ~ 11 . G ount ra lOactlvlty m t e pe et usmg a amma counter 

~ 
Prepare a standard curve & calculate results using the standard curve 
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Protocol 3: 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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Calculation of AA-NAT activity: 

AA-NAT activity was calculated using the following equation: 

AA-NAT activity = (A-B) x C x Ex G x 60 
DxFxH Z 

A= Radioactivity of pro bel unknown (DPM); B= Radioactivity of blanks (DPM); C= 

Total acetyl CoA (runol) per sample; D= Total radioactivity used (DPM)/sample; E= 

Total homogenate volume; F= pineal homogenate volume used; G= Volume of 

extraction material; H= Volume of extract used for counting; Z= Incubation period in 

minutes. 
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CHAPTER-2 

. Studies on the interrelationship between the circadian rhythms in 

plasma levels of thyroid hormones and pineal arylalkylamine-N­

acetyltransferase (AA-NAT) activity 

INTRODUCTION 

In fish species, thyroid hormones play a major role in the regulation of the 

oxidative metabolism (Peter and Oomen, 1989; Gupta and Thapliyal, 1991), growth and 

development (Cyr et ai., 1998; Power et ai., 2001), sexual maturation (Ueda et aI., 

1984; Cyr et ai., 1998; Pavlidis et ai., 2000), breeding cycle (Volkoff et ai., 1999), 

migration (Ueda et ai., 1984; Matty, 1985a), electrolyte and water metabolism (Peter et 

ai., 2000) etc. As a result thyroid hormones help the fish in continuous adjustments in 

physiological and morphological characteristics in relation to ever-changing aquatic 

environment (Matty, 1985a). There is a large body of information on seasonal variations 

. in thyroid activity and the circulating levels of thyroid hormones in mammals (Singh et 

ai., 2002; Ben Saad and Maurel, 2004), birds (Silverin et ai., 1989; Dawson and' 

Thapliyal, 2001), reptiles (Licht et ai., 1985a,b; Naulleau et ai., 1987; Kohel et ai., 

2001) and amphibians (Kuhn et ai., 1983; Gancedo et ai., 1996). Since thyroid 

hormones playa major role in the regulation of energy metabolism and reproduction, 

production of thyroid hormones is increased during the months with increased gonadal 

activity associated with increased metabolic activity, and decreased during periods of 

reproductive and metabolic quiescence in winter months (Cyr et ai., 1988, 1998). The 

environmental cycles of photoperiod, temperature and rainfall seem to provide 
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predictive information as indicators of seasons in fishes (Yokota and Oishi, 1992; 

Pavlidis et al., 2000). Thyroid activity and circulating levels of thyroid hormones are 

influenced significantly by the seasonal variations in daylength and ambient 

temperature, and exhibit prominent circannual rhythms closely associated with the 

annual breeding cycle in fishes (Cyr et al., 1998; Leiner et al., 2000; Pavlidis et al., 

2000; Leiner and MacKenzie, 2001). In fish species, circulating levels of thyroid 

hormones and/or thyroid activity are also influenced by glucocorticoids (Leatherland, 

1987), catecholamines (Eales et al., 1986), gonadal steroids (Chakraborti and 

Bhattacharya, 1984), which show: circannual rhythms in their secretions closely related 

to the breeding cycle and seasonal variations in ambient temperature (Pavlidis et al., 

2000). In some species of teleosts, increase in temperature has been reported to 

accelerate the synthesis and turnover of thyroid hormones and to increase the physical 

activity and metabolic rate of fish species (Leloup and deLuze, 1985; Nayak and Singh, 

1991). Both circadian and circannual rhythms in the circulating levels of thyroxine (T 4) 

and triiodothyronine (T3) in fish species are reportedly influenced by fluctuations in the 

ambient temperature, physical activity, photoperiod, feeding etc. (Matty, 1985a; Cyr et 

al., 1988; Leiner et al., 2000; Pavlidis et al., 2000). 

As in the case of thyroid activity, pineal activity and melatonin synthesis are 

also influenced by photoperiod and/or temperature in mammals (Vivien-Roels et al., 

1997; Garcia et al., 2003), birds (Sudhakumari et al., 2001; Dawson and Van't, 2002), 

reptiles (Vivien-Roels and Arendt, 1983) and amphibians (Delgado and Vivien-Roels, 

81 



1989). There are reports that the pineal complex is actively involved in regulation of 

body temperature in mammals (Larkin et a12001; Smith et at., 2004), reptiles (Vivien-

Roels et al., 1988; Skene et ai., 1989; Moyer et al., 1997; Ohshima et at., 1999) and 

birds (Lee et at., 1990; Wolfe and Zatz, 1994; Zatz et ai., 1994; Barrett and Takahashi, 

1995; Murakami et at., 2001). Therefore, there is a possibility that the pineal activity is 

influenced by circadian and circannual variations in environmental temperature in fish 

as well as in other groups of vertebrates. Seasonal changes in temperature and 

photoperiod have been reported to influence the activity of the neuroendocrine system 

of fish (Joy and Senthilkumar, 1998), which ultimately regulates the activities of 

various endocrine glands (Venna et ai., 1996). Since the circadian and circannual 

rhythms of thyroid ~and pineal activity are influenced by photoperiod and 

environmental temperature, there is a possibility that the circadian rhythms of these two 

important glands exhibit an interrelationship in relation to the annual breeding cycle. 

Though melatonin and thyroid honnones <;Ire involved in the regulation of a wide 

range of physiology as well as the gonadal cycles of fishes, there is paucity of 

infonnation on the interrelationship between the plasma levels of thyroid honnones and 

pineal AA-NAT activity and melatonin synthesis with special reference to 

environmental photoperiod and temperature in any fish species. Therefore, keeping in 

. mind the scarcity of infonnation and importance of melatonin and thyroid honnones in 

fish physiology, we investigated the nature of interrelationship between the circadian 

rhythms of thyroid honnones (T3 and T4) and the pineal AA-NAT activity in an air-
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breathing exotic cat fish, Clarias gariepinus maintained under natural climatic 

conditions during quiescent, progressive, breeding and regressive phases of the annual 

breeding cycle. 

MATERIAL AND METHODS 

For this study, adult male Clarias gariepinus (body weight: 90-100g; body length: 

23-27 cm) were purchased from the local fish suppliers. Fishes were maintained in clear 

plastic tubs and acclimatized at least for 15 days 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 everyday to avoid infections. 

After acclimatization, 5 fishes were decapitated at an interval of 3 hours at 8 time­

points over a 24 h period, and blood samples and pineals were collected. The blood 

samples collected in heparinised tubes were centrifuged at 3000 rpm to obtain plasma. 

The plasma samples were stored at -8 to -10° C in a refrigerator for the measurement of 

T4 and T3. The removed pineals were immediately frozen in liquid nitrogen for the 

measurement of AA-NAT activity. The levels of thyroid hormones (total T3 and total T4) 

and pineal AA-NAT activity were measured following the procedures described in details 

in the Chapter 1. The data were analyzed statistically with the help of Student's "t' test, 
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regression analysis (Snedecor, 1961) and aero program based on least square fitting of 

single cosine function (Nelson et a/., 1979). A p< 0.05 was considered as significant. 

The experimental protocol for the proposed study is given below: 

Experiments 

Circadian rhythms 

in plasma levels ofT4, 

T3 and pineal AA-NAT 

activity 

RESULTS 

EXPERnMENTALPROTOCOL 

Time of Experiment 

(i) Quiescent phase 

(February) 

(ii) Progressive phase 

(April) 

(iii) Breeding phase 

(August) 

(iv) Regressive phase 

(November) 

Sampling time points 

06.00 h, 09.00 h, 12.00 h, 

15.00 h, 18.00 h, 21.00 h & 

24.00 h; N = 5 samples at 

each time point. 

Circadian rhythms in plasma levels of thyroid hormones (T 4 and T 3) during 

different phases of the breeding cycle: 

The data are presented in Tables 2:1, 2:2, 2:3 and 2:4; Figs. 2:1,2:2,2:3 and 2:4. 

Prominent circadian rhythms were recorded in the plasma levels of both T 4 and T 3 

during all the four phases of the annual breeding cycle. Irrespective of the phase of the 

breeding cycle, patterns of the circadian rhythms of T 4 and T 3 were found to be similar. 

However, the plasma levels ofT4 were always found to be higher than that ofT3 during 
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all the phases. Further, the plasma levels of both the hormones were found to be high 

during the daytime and low during the nighttime. The high T 3/T 4 ratio was recorded 

during the quiescent and regressive phases (pre-winter and winter), which declined 

during the progressive and breeding phases (summer/rainy seasons). Further, the 

maximum T3/T4 ratio was observed at mid-night during the progressive and breeding 

phases, while the maximum T3/T4 ratio was recorded at 3.00 h during the regressive 

phase and at 6.00 h during the quiescent phase. The minimum T3/T4 ratio was recorded 

around mid-day during the progressive and the breeding phases, at the evening during 

the regressive phase and at mid-night during the quiescent phase. 

The results of acro analysis of the data are presented in Table 2:6. The mesor (24 

h average) of T4 circadian rhythm was found to be 6 to 7 fold higher than that ofT3 

circadian rhythm (Tables 2:5 and 2:6). Further, minimum mesor of both T3 and T4 

circadian rhythms was recorded during the regressive and the quiescent phases. The 

mesor of both the rhythms increased gradually during the progressive phase reaching to 

the maximum during the breeding phase. 

The amplitude of the T 4 rhythm was maximum during the breeding phase 

(summer/rainy season) and minimum during the quiescent phase (winter). In contrast, 

the amplitude of the T3 rhythm was maximum during the quiescent phase (winter) and 

minimum during the regressive phase (pre-winter). Further, the amplitude of T4 

circadian rhythm was found to be 6-, 9-, 13- and 21-fold higher than that of the T3 
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circadian rhythm during quiescent, progressIve, breeding and regressIve phase, 

respectively. 

The acrophase of both T4 and T3 rhythms was always recorded during the mid­

day at 14.00 h except that ofT4 rhythm during the quiescent phase, when it was delayed 

by 3 hours and occurred in the evening at 17.00 h. 

Regression analysis of the data (Table 2:7 A) indicated a strong positive 

correlation between the plasma levels of T 4 & T 3 and water temperature during all the 

four phase of the breeding cycle. 

Circadian rhythms in pineal AA-NAT activity during different phases of the 

breeding cycle: 

The data are presented in Tables 2:1, 2:2, 2:3 and 2:4; Figs. 2:1,2:2,2:3 and 2:4. 

Prominent circadian rhythms were recorded in pineal AA-NAT activity under natural 

daylength during all the four phase of the annual breeding cycle. Irrespective of the 

phase, the pineal AA-NAT activity was found to be minimumlbasal during the daytime 

and several fold higher during the nighttime. Though the AA-NAT activity increased 

immediately after the sunset during all the phase of the breeding cycle, the pattern of 

increase and decrease in the activity of AA-NAT was found to be phase-dependent. 

AA-NAT activity increased gradually after the sunset and reached to a peak at 3.00 h 

during all the phases except during the breeding phase when the AA-NAT activity 
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abruptly reached to a peak value at 21.00 h, where it was maintained for 6 h. The AA­

NAT activity declined sharply to a basal level at 6.00 h during all the four phases. 

The results of acro analysis of the data are presented in Table 2:6. The mesor (24 

h average) of AA-NAT activity circadian rhythm was found to be high during the 

regressive and quiescent phases, which declined gradually during the progressive phase 

and reached to a minimum during the breeding phase (Table 2:5). Further, the 

amplitude of the AA-NAT activity rhythm was found to be maximum during the 

quiescent phase, minimum during the breeding phase and intermediate during the 

regressive and progressive phases. The acrophase of the AA-NAT circadian rhythm was 

invariably located during nighttime around the mid-night (23.00 h) except during the 

breeding phase when it was delayed by 3 hours and occurred at 02.00 h. 

Regression analysis of the data (Table 2:7 A) indicated a significant negative 

correlation between water temperature and the pineal AA-NAT activity during all the 

four phases of the breeding cycle. Further, a negative correlation was also recorded 

between AA-NAT activity vs T4 as well as AA-NAT activity vs T3 (Table 2:7B). 

DISCUSSION 

Attempts have been made to study circadian variations in the circulating levels· 

of thyroid hormones in fish species with special reference to cortisol, growth hormone 

and metabolites (Laidley and Leatherland, 1988; Gomez et at., 1997), feeding status 
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(Cerda-Reverter et ai., 1996; Leiner et ai., 2000), sex steroids and photoperiod (Cyr et 

ai., 1988; Leiner and Mackenzie, 2001). Similarly, there are reports on the circadian and 

circannual variations in pineal AA-NAT activity in mammals (Fowler, 1988) and birds 

(Binkley et ai., 1989). But so far no attempt has been made to study the circadian 

rhythm of circulating levels of thyroid hormones (T3 and T4) and pineal AA-NAT 

activity or melatonin during all the four phases of the annual breeding cycle of any 

poikilothermic vertebrates in general and any fish species in particular. The present 

study, to the best of our knowledge, might be the first of its kind in which the 

interrelationship between the circadian rhythms of thyroid hormones and pineal AA­

NAT activity has been studied in a fish maintained under natural day length and 

temperature during all phases of the breeding cycle. 

In the present study, prominent circadian rhythms in the plasma levels of thyroid 

hormones (T 4 and T 3) were observed during all the four phases of the breeding cycle 

(Tables 2:1, 2:2, 2:3 and 2:4; Figs. 2:1, 2:2, 2:3 and 2:4). Comparatively higher levels of 

plasma T4 than those of T3 during all the phases seem to suggest that the synthesis and 

secretion of T 4 is dominant over T 3 secretio,n in this species. Elevated levels of the 

thyroid hormones during the daytime irrespective of the phase as well as during 

progressive and breeding phases seem to be associated with increased water 

temperature as indicated by a positive correlation between temperature and the plasma 

levels of thyroid hormones (Table 2:7A). High T3/T4 ratio during the regressive and the 

quiescent phases (pre-winter and winter months) as well as the maximum T3/T4 ratio 
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during mid-night/early morning irrespective of the phase of the breeding cycle indicate 

that low water temperature favors increased peripheral conversion ofT4 to T3 leading to 

higher T 3/T 4 ratio, which seems to help the fish in maintaining metabolic rate at low 

temperature. Whether the recorded shift in the maximum and the minimum T 3/T 4 ratio 

over the circadian scale can playa role in shaping the annual breeding cycle and/or 

reflects shifts in energy requirements in relation to activity of the fish remains to be 

investigated. Immersion of a teleosts fish (Sciaenops ocellatus) in T3 has been reported 

to inhibit the hypothalamo-hypophyseal-thyroidal axis leading to inhibition of the peak 

and amplitude ofT4 circadian rhythm (Leiner and Mackenzie, 2003). Therefore, there is 

a possibility that suppression of T4 by increasing level of T3 can adversely affect the 

breeding cycle. Since Clarias gariepinus is a nocturnal ·species, the high T 3/T 4 ratio 

recorded at night during all the phases seems to be directly correlated with the increased 

activity of the fish during the nighttime. It, thus, seems that while the high T 3/T 4 ratio 

during winter months is essential for meeting the energy requirements during night, the 

temporal shift in the ratio during the dark phase in different phase of the cycle might be 

responsible for cyclical activation or inactivation of the hypothalamo-hypophyseal­

testicular axis. 

Significant increase in the mesor of T4 and T3 circadian rhythms (Table 2:6) 

during progressive and breeding phases (summer/rainy season) as compared to 

regressive and quiescent phases (pre-winter and winter months) indicates that the 

synthesis and release of the thyroid hormones is increased during the summer/rainy 
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seasons, and decreased during the pre-winter and winter months. The recorded increase 

in the mesor might be due to increased water temperature, increased food intake and 

increasing levels of other hormones, separately or jointly, as reported in other fish 

species (Laidley and Leatherland, 1988; Cerda-Reverter et al., 1996; Gomez et al., 

1997; Leiner et al., 2000; Pavlidis et at., 2000). There are several reports that while T 4 

plays a major role in regulation of growth, development, sexual maturation and 

reproduction (Cyr et at., 1998; Pavlidis et at., 2000; Power et at., 2001), T3 is involved 

mainly in regulation of the oxidative metabolism in fish species (Eales, 1979; Gupta and 

Thapliyal, 1991; Peter and Oommen, 1989). Thus, the high levels of both T3 and T4 

during reproductively active seasons seem to be associated with increased breeding 

activity and energy metabolism ofthe fish, Ctarias gariepinus. 

Acro analysis of the data revealed that the amplitude of T4 circadian rhythm was, 

depending on the phase/season, six to 2l-folds higher than that of the T3 rhythm (Table 

2:6). The temporal difference between the amplitudes of T4 and T3 rhythms was found 

to be minimum during the quiescent phase (6 folds), increased during the progressive 

phase (9 folds) and breeding phase (13 folds), and became maximum during the 

regressive phase (21 folds). It has been reported in the red drum (Sciaenopes ocellatus) 

that while food deprivation is more effective in reducing the amplitude of T4 rhythm, 

both feeding time and nutrient status significantly increase the amplitude of T 4 rhythm 

(Leiner et at., 2000). In the present study we observed that the fishes consumed more 

food during the breeding phase as compared to that during the quiescent phase. 
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Therefore, the minimum and the maximum amplitude of the T 4 rhythm during quiescent 

(winter) and breeding (summer/rainy season) phases, respectively seem to be directly 

related to the feeding status of the fish. 

As in mammals, the rate·ofmelatonin in the fish pineal is also directly related to 

AA-NAT activity (Falcon et al., 1989; Gupta and Premabati, 2002b). There are several 

reports on circadian variations in melatonin secretion from fish pineal in situ (Pavlidis 

et aI., 1999; Rensing and Ruoff, 2002; Masuda et aI., 2003; Bayarri et aI., 2004a, b; 

Saito et at., 2004) as well as in vitro (Falcon et al., 1989; Zachmann et at., 1992; Iigo et 

af., 1997; Samejima et af., 2000; Iigo et at., 2004). These studies were conducted on 

temperate zone fish species, and that too only during a particular phase of the annual 

breeding cycle. The circadian rhythm in melatonin levels has been studied during 

different phases of the breeding cycle only in -the gold fish (Carassius auratus), the 

Atlantic salmon (Salrno safar) and the sea bass (Dicentrarchus labrax) (Randall et al., 

1995; Garcia-Allegua et at., 2001). Unlike the circadian rhythm of melatonin, there is 

paucity of information on the circadian rhythm of the rate-limiting enzyme AA-NAT in 

the fish pineal. A marked diurnal fluctuation has been reported in the pineal AA-NAT 

activity of the rainbow trout, Salrno gairdneri during summer and winter (Morton and 

Forbes, 1988). This might be the first study in which circadian rhythm in pineal AA­

NAT activity has been recorded in an air breathing tropical/subtropical fish during all 

the four phases of the annual breeding cycle. As in case of AA-NAT activity and 
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melatonin circadian rhythm reported earlier, AA-NAT activity was found to be 

minimum during the daytime and increased by several folds during the night. 

Though the pineal of Clarias gariepinus exhibited a significant circadian rhythm 

in AA-NAT activity during all the phases of the breeding cycle, the mesor and the 

amplitude of the AA-NAT rhythm were found to be different during different phases 

(Table 2:6). The mesor (24 h average) of the AA-NAT activity rhythm was significantly 

higher during the regressive and the quiescent phases than that of the breeding phase 

(Tables 2:5 and 2:6). Thus, these findings seem to suggest that the 24 h average rate of 

melatonin synthesis was maximum during the regressive and the quiescent phases, and 

minimum during the breeding phase as reflected by the AA-NAT activity. On the basis 

of these findings, we suggest that the increased melatonin synthesis during the 

regressive and the quiescent phase (as indicated by the mesor of AA-NAT) is 

responsible for the suppression of the testicular activity, while decrease in melatonin 

synthesis during the progressive phase (as indicated by the mesor of AA-NAT) allows 

the activation of the hypothalamo-hypophyseal-testicular axis. Moreover, the minimum 

24 h average rate of melatonin synthesis during the breeding phase seems to favor 

breeding of the fish. The amplitude of the AA-NAT rhythm was found to be maximum 

during the quiescent phase, which declined during the progressive phase, reached to a 

minimum during the breeding phase and then increased during the regressive phase. 

These phase-dependent changes in the amplitude of the AA-NAT rhythm seem to be 

closely associated with the testicular cycle of the fish. While higher amplitude of the 
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rhythm seems to suppress the testicular activity, lower amplitude of AA-NAT rhythm 

seems to favor testicular activation. On the basis of these findings, it may be suggested 

that the annual rhythmicity in the amplitude of melatonin synthesis, as reflected by the 

amplitude of AA-NAT activity, somehow regulates the annual breeding cycle of the 

fish. Unlike the amplitude, the acrophase of the thyroid hormones (T3 and T4) and 

pineal AA-NAT activity rhythms remained more or less constant indicating that the 

acrophase of the T3, T4 and AA-NAT rhythms in this species is not influenced by the 

phase of the breeding cycle and seasons. It remains to be investigated whether the 

acrophase of the rhythms are controlled by an endogenous "Zeitgeber". 

In contrast to thyroid hormones, a negative correlation was found between AA­

NAT activity and water temperature irrespective of phase of the breeding cycle (Table 

2:7 A). This indicates that low temperature stimulates and high temperature inhibits the 

fish pineal AA-NAT activity. Effect of temperature on pineal AA-NAT activity is not 

consistent in mammals. Depending on the mammalian species, temperature has been 

reported to stimulate (Stokkan et ai., 1991), inhibit (Tannenbaun et ai., 1988) and to ' 

have no effect on the AA-NAT activity (Guerrero et ai., 1990a). 

In temperate fish species, temperature has been reported to determine the 

amplitude of the melatonin circadian rhythm of pineal in situ (Randall et al., 1995; 

Garcia-Allegue et ai., 2001) as well as in vitro (Zachmann et ai., 1992), while the 

rhythm disappeared when the pineal was maintained in vitro at low water temperature 
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(Samejima et al., 2000). A careful analysis of the available information indicates that 

there is a direct a relationship between the amplitude of the melatonin rhythm in 

temperate zone fish species. In contrast, the findings of the present study suggest an 

inverse correlation between the water temperature and pineal AA-NAT activity (Table 

2:7 A). It, thus, seems that water temperature produces differential effects on the 

amplitude ofmelatoninlAA-NAT activity rhythms in temperate and tropical/subtropical 

fish species. 

It is amply clear from the findings of the present study that irrespective of the 

phase (i) while the acrophase (peak) of the circadian rhythm of thyroid hormones (both 

T3 and T4) occurs around midday, the acrophase of AA-NAT activity rhythm occurs 

during midnight, and (ii) a significant negative correlation exists between the plasma 

levels of thyroid hormofies (T3 and T4) and the pineal AA-NAT activity in Clarias 

gariepinus. These findings, thus, seem to indicate an inverse interrelationship between 

the circulating levels of the thyroid hormones and AA-NAT activity/melatonin 

synthesis. A direct relationship between water temperature and plasma levels of thyroid 

hormones and an inverse relationship between water temperature and AA-NAT activity 

seem to be responsible for the observed inverse interrelationship between the plasma 

levels of thyroid hormones and AA-NA T activity. It seems that the long daylength and 

high ambient temperature during progressive and breeding phases (summer/rainy 

seasons) decrease AA-NAT activity/melatonin synthesis and increase plasma level of 

thyroid hormones resulting in increased testicularlbreeding activity, while short 
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daylength and low ambient temperature during the regressive and the quiescent phases 

(winter months) stimulate AA-NAT activity/melatonin synthesis and inhibit synthesis 

of the thyroid hormones leading to testicular inactivation in the fish. 
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Table 2:1- Circadian rhythms in plasma levels of T4, T3 and pineal AA-NAT activity 

during quiescent phase. 

Time Water Plasma levels of thyroid hormones AA-NAT 

(h) temperature activity 

eC) T4 (ng/ml) T3 (ng/ml) T3IT4 (nmol/pineal/h) 

6.00 8.5 5.64 ± 0.34* n l.32 ± 0.13 f 0.235 3.42±0.12 1
,h 

9.00 10.5 7.72 ± 0.31 b,g,l l.30 ± 0.12 f 0.168 2.80±0.10 c,h,i 

12.00 12.5 10.20 ± 0.72 a,1 l.71 ± 0.08 a,1 0.168 2.60 ± 0.09 h 

15.00 23.0 10.30 ± 0.64 1 1.80 ± 0.08 1 0.174 2.44 ± 0.10 h 

18.00 13.5 9.10± 0.45 1 l.66 ± 0.11 k 0.182 3.57 ± 0.15 d,h 

2l.00 12.0 7.92 ± 0.45 t;k l.39 ± 0.12 t;i 0:175 6.22 ± 0.13 d, h, 1 

24.00 9.0 8.74 ± 0.57 1 l.02 ± 0.09 a,h 0.116 6.46 ± 0.10 1 

3.00 5.5 5.18 ± 0.38 c,h l.19 ± 0.06 g 0.230 7.27 ± 0.11 c,1 

6.00 8.5 5.64 ± 0.34h l.32 ± 0.13 f 0.235 3.42±0.12d,h,1 

r T Vs T4= 0.82 T Vs T3 = 0.64 -0.83 TVsAA-NAT 

= -0.59 

* All values are expressed as mean ± standard error (S. E); N = 5. 

a,b, C, dDiffer from the precedirig value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

t; g, h Differ from the maximum value of the respective group: p < 0.02, 0.01 and 0.001, 

respectively. 

i, k,l Differ from the minimum value of the respective group: p < 0.05,0.01 and 0.001, 

respectively. 



Table 2:2- Circadian rhythms in plasma levels of T4, T3 and pineal AA-NAT activity 

during progressive phase. 

Time Water Plasma levels of thyroid hormones AA-NAT 

(b) temperature activity 

(0 C) T4 (ng/ml) T3 (ng/ml) T3IT4 (nmoVpineaVb) 

6.00 10.0 10.60 ± 0.35* Il,K 1.64 ± 0.11 e 0.155 2.53 ± 0.20 k,h 

9.00 12.5 11.52 ± 0.79 f,j 1.70±0.09 e 0.147 2.35 ± 0.25 h 

12.00 18.5 15.50 ± 0.28 b,j 2.19 ± 0.18 b,j 0.141 1.64 ± 0.12 a, h 

15.00 22.5 13.10 ± 0.62 b, I 2.07±0.18 i 0.158 2.31 ± 0.12 c, h 

18.00 20.0 13 .60 ± 0.57 b,f, I 2.14 ± 0.17 j 0.157 2.66 ± 0.11 h, I 

21.00 18.0 12.90 ± 0.55 f,l 1.85 ± 0.10 i 0.143 4.75 ± 0.10 d,g,1 

24.00 15.0 8.52 ± 0.46 g 1.62 ± 0.10 e 0.190 6.09 ± 0.19 d, I 

3.00 8.0 8.96 ± 0.36 c, h 1.42±0.14f 0.158 6.17 ± 0.30 I 

6.00 10.0 10.60 ± 0.35 b, h, k 1.64 ± 0.11 e 0.155 2.53 ± 0.20 d, h,k 

r T Vs T4= 0.72 T Vs T3 = 0.88 TVsAA-NAT 

= -0.42 

* All values are expressed as mean ± standard error (S. E); N = 5. 

a ,b, c, d Differ from the preceding value of the respective group: p < 0.05,0.02,0.01 and 

0.001, respectively. 

e, f, g, h Differ from the maximum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

i,j, k, 1 Differ from the minimum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 



Table 2:3- Circadian rhythms in plasma levels ofT4, T3 and pineal AA-NAT activity 

during breeding phase. 

Time Water Plasma levels of thyroid hormones AA-NAT 

(h) temperature activity 

(0 C) T4(ng/ml) T3 (ng/ml) T3IT4 (nmol/pineal/h) 

6.00 20.0 13.18 ± 0.46* D,J l.96 ± 0.05 g 0.14 2.13 ± 0.15 I,n 

9.00 2l.5 18.34 ± 0.75 c,1 2.36 ± 0.18 i 0.12 l.72±0.llh 

12.00 23.0 20.40 ± 0.55 d, I 2.55±0.16 k 0.12 l.49 ± 0.13 h 

15.00 24.0 17.18 ± 0.64 b,f,1 2.37 ± 0.10 k 0.13 l.31±0.16 h 

18.00 22.5 15.32 ± 0.63 h,' 2.46 ± 0.10' 0.16 l.87 ± 0.16 a,h 

2l.00 2l.5 12.58 ± 0.46 b, II, k 2.33 ± 0.13 j 0.18 3.67 ± 0.26 a,' 

24.00 20.0 1l.04 ± 0.55 h 2.18±0.14i 0.19 3.73 ± 0.10' 

3.00 16.0 10.48 ± 0.41 h l.80 ± 0.08 a, h 0.17 4.02 ± 0.11' 

6.00 20.0 13.18 ± 0.46 b,h,j 1.96 ± 0.05 g 0.14 2.13 ± 0.15 d,i,h 

r TVs T4=0.75 T Vs T3 = 0.90 TVsAA-NAT 

= -0.76 

* All values are expressed as mean ± standard error (S. E); N = 5. 

a ,b, c, d Differ from the preceding value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

f; g, h Differ from the maximum value of the respective group: p < 0.02, 0.01 and 0.001, 

respectivel y. 

i,j,k,1 Differ from the minimum value of the respective group: p < 0.05,0.02,0.01 and 

0.001, respectively. 



Table 2:4- Circadian rhythms in plasma levels ofT4, T3 and pineal AA-NAT activity during 

regressive phase. 

Time Water Plasma levels of thyroid hormones AA-NAT 

(h) temperature activity 

eC) T4(ng/ml) T3 (ng/ml) T3rr4 (nmol/pineal/h) 

6.00 8.0 5.76 ± 0.26* n l.15 ± 0.09 g 0.200 3.61 ± 0.12 h 

9.00 10.0 8.78 ± 0.62 b,h,1 l.36 ± 0.10 0.154 2.70 ± 0.07 d, h 

12.00 1l.5 12.40 ± 0.80 b,1 l.47 ± 0.08 0.1l9 3.02 ± 0.08 a,h 

15.00 2l.5 13.20 ± 0.77 1 l.52 ± 0.04 i 0.115 3.39 ± 0.18 h,k 

18.00 13.5 14.04 ± 0.50 1 1.42 ± 0.14· 0.101 4.05 ± 0.07 b, h, 1 

2l.00 13.0 9.24 ± 0.69 c, g, 1 l.32 ± 0.15 0.142 5.41 ± 0.09 d, h, 1 

24.00 9.5 6.10 ± 0.56 b,h l.09 ± 0.15 0.179 6.38 ± 0.15 d,1 

3.00 6.0 5.02 ± 0.37 h l.13 ± 0.06 a,h 0.225 6.75 ± 0.111 

6.00 8.0 5.76 ± 0.26 h l.15 ± 0.09 g 0.200 3.61 ± 0.12 d,h 

r T Vs T4= 0.78 T Vs T3 = 0.77 TVsAA-NAT 

=-0.40 

* All values are expressed as mean ± standard error (S. E); N = 5. 

a ,b, c, d Differ from the preceding value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

g, h Differ from· the maximum value of the respective group: p < 0.01 and 0.001, 

respectively. 

i,k,1 Differ from the minimum value of the respective group: p < 0.05,0.01 and 0.001, 

respectively. 



Table 2:5- 24-hour average of plasma level of thyroid hormones (T4 and T3) and pineal AA­

NAT activity during different phases of the breeding cycle under NDL. 

Phase Plasma levels of thyroid hormones AA-NAT 

T4 (nglml) T3 (nglml) (nmol/pineal/h) 

Quiescent phase 8.10 ± 0.33* b,g 1.42 ± 0.05 b 4.34 ± 0.29 b 

Progressive phase 11.83 ± 0.40 b 1.82 ± 0.06 a,d,e 3.56 ± 0.27 a,c 

Breeding phase 14.81 ± 0.56 2.25 ± 0.06 2.49 ± 0.17 

Regressive phase 9.31 ± 0.53 b,f,e 1.30 ± 0.04 b 4.41 ± 0.23 b 

* All values are expressed as mean ± standard error (S. E); N = 40. 

a, b Differ significantly from the breeding phase: p < 0.01 and 0.001, respectively. 

c, d Differ significantly from the regressive phase of the respective group: p < 0.05 and 

0.001, respectively. 

eDiffers significantly from the quiescent phase of the respective group: p < 0.01. 

i; g Differ significantly from the progressive phase of the respective group: p < 0.01 and 

0.001, respectively. 



Table 2:6- Aero apalysis of the data on the circadian rhythms of thyroid hormones (T4 and T3) and pineal arylalkylamine-N­
acetyltransferase (AA-NAT) activity during different phases of the breeding cycle (Based on data presented in Tables 2:1, 
2:2,2:3 and 2:4). 

Phase Mesor Amplitude Acro phase (h) 95% Confidence Goodness of fit Threshold , 
Interval (c. I) (h) (20%) (h) 

T4 T3 AA- T4 - T3 AA- T4 T3 AA- T4 T3 AA- T4 T3 AA- T4 T3 AA-
(ng/ml) (ng/m1) NAT (ng/m1) (ng/m1) NAT NAT NAT NAT NAT 

activity activity acti- activity activity acti-
(nmoV (nmoV vity vity 
pineaVh) pineaVh) 

Quiescent 8.10 1.42 4.34 2.56 0.39 2.41 17 14 23 15.81 13.18 22.06 0,1 0.043 0.066 8.6 5.6 14.6 
phase to to to P < 0.05 P < 0.005 p < 0.02 

18.19 14.82 23.94 

Progressive 11.83 1:82 3.56 3.49 0.38 2.26 14 14 23 12.98 13.10 22.02 0.065 0.053 0.071 ~.6 5.6 14.6 
phase to to to P < 0.02 p < 0.01 P < 0.02 

15.02 14.90 23.98 

Breeding 14.81 2.25 2.49 4.96 0.37 1.35 14 14 2 13.11 12.79 1.05 0.052 0.093 0.068 5.6 5.6 17.6 
phase to to to P < 0.01 P < 0.05 p < 0.02 

14.89 15.21 2.95 

Regressive 9.31 130 4.41 4.51 0.21 2.02 14 14 23 13.21 13.56 22.11 0.044 0.013 0.055 ~.6 5.6 14.6 
phase to to to II' < 0.005 P < 0.001 P < 0.01 

14.79 14.44 23.89 



Table 2:7A- Correlation coefficient (r) between plasma levels of thyroid hormones (T4 

and T3), pineal AA-NAT activity and water temperature during different 

phases of the breeding cycle. 

Phase Water temperature Water temperature Water temperature 

Vs T4 Vs T3 VsAA-NAT 

activity 

Quiescent phase 0.82 0.64 -0.59 

Progressive phase 0.72 0.88 -0.42 

Breeding phase 0.75 0.90 -0.76 

Regressive phase 0.78 0.77 -0.40 

Table 2:7B- Correlation coefficient (r) between pineal AA-NAT activity and plasma 

levels of thyroid hormones (T4 and T3) during different phases of the 

breeding cycle. 

Phase AA-NAT activity Vs T4 AA-NAT activity Vs T3 

Quiescent phase -0.50 -0.72 

Progressive phase -0.75 -0.70 

Breeding phase -0.88 -0.61 

Regressive phase -0.58 -0.70 
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Fig. 2: 1- Circadian rhythms in plasma levels of T 4' T 3 and pineal AA-NAT. 

activity during quiescent phase. ~= time of sunrise; • = time of sunset). 
All values are expressed as mean ± standard error (S. E); N = 5. 

a, b, c, d Differ significantly from the preceding value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 

t: g, h Differ significantly from the maximum value of the respective group: p < 0.02, 

O.Oland 0.001, respectively. 

i, k, I Differ significantly from the minimum value of the respective group: p < 0.05, 

0.01 and 0.001, respectively. 
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Fig. 2:2- Circadian rhythms in plasma levels ofT4, T3 and pineal AA-NAT activity 

during progressive phase. (~ = time of sunrise; , = time of sunset). 

All values are expressed as mean ± standard error (S. E); N = 5. 

a, b, c, d Differ significantly from the preceding value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 

e, t; g, h Differ significantly from the maximum value of the respective group: p < 0.05, 

0.02, 0.0 land 0.001, respectively. 

i,j, k., I Differ significantly from the minimum value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 
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Fig. 2:3- Circadian rhythms in plasma levels ofT4, T 3 and pineal AA-NAT 

activity during breeding phase. (* = Time of sunrise;1 = Time of sunset). 

All values are expressed as mean ± standard error (S. E); N = 5. 

a, b, c, d Differ significantly from the preceding value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 

£; g, h Differ significantly from the maximum value of the respective group: p < 0.02, 

0.01 and 0.001, respectively . 

. i, j, k, 1 Differ significantly from the minimum value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 
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Fig. 2:4- Circadian rhythms in plasma levels ofT4 ' T3 and pineal AA-NAT 

activity during regressive phase. ~= Time of sunrise;, = time of sunset). 

All values are expressed as mean standard error (S. E); N = 5. 

a, b, c, d Differ significantly from the preceding value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 

g, b Differ significantly from the maximum value of the respective group: p < 0.01 

and 0.001, respectively. 

i, k, J Differ significantly from the minimum value of the respective group: p < 0.05, 

0.01 and 0.001, respectively. 
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a, b Differ significantly from the breeding phase: p < 0.01 and 0.001, respectively. 

c, d Differ significantly from the regressive phase of the respective group: p < 0.05, 

0.001, respectively. 

e Differs significantly from the quiescent phase of the respective group: p < 0.01. 

1; g Differ significantly from the progressive phase of the respective group: p < 0.01, 

0.001, respectively. 



CHAPTER-3 

Effects of photoperiods and simulated temperatures on circadian 

rhythms in plasma levels of thyroid hormones (T 4 and T 3) and pineal 

arylalkylamine-N-acetyltransferase (AA-NAT) activity 

INTRODUCTION 

The circannual changes in the neuroendocrine system and adaptations are driven 

by the master clock located in the SCN, which is reset by the seasonal fluctuations in 

climatic factors like photoperiod, temperature etc., and enables vertebrates to anticipate 

seasonal environmental changes (Reiter, 1993a; Sumova et ai., 2003; Hofman, 2004). 

Most of the vertebrates use the annual changes in environmental variables such as 

photoperiod, temperature, rainfall or food supply to synchronize several physiological 

and endocrine functions associated with reproduction, hibernation, thermoregulation 

etc. (Vivien-Roels et ai., 1988). The exact mechanism(s) by which environmental 

information is integrated are not yet known, but it is well established in vertebrates that 

the pineal is involved in conveying the photoperiodic message via the daily pattern of 

melatonin secretion (Goldman and Darrow, 1983; Engel et ai., 2004a). Such a daily 

pattern of melatonin secretion in homeotherms is entrained by the light-dark cycle 

(Charron et ai., 1991; Humlova and Illnerova, 1992; Illnerova and Sumova, 1997). The 

pineal gland ofmarnmals (Illnerova and Sumova, 1997; Engel et ai., 2004b) and birds 

(Binkley et ai., 1989; Bernard et ai., 1997; Natesan et ai., 2002 ) exhibits a circadian 

rhythm in activity of the rate-limiting enzyme, arylalkylamine-N-acetyltransferase (A A-
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NAT) (Gupta et at., 2005). Photoperiods and/or temperature influence pineal activity, 

melatonin synthesis and induce changes in the peak duration of nocturnal melatonin 

secretion and/or AA-NA T activity in mammals (Illnerova et at., 1984; Skene et at., 

1987; Tannenbaum et at., 1988; Charron et al., 1991; Stokkan et al., 1991; Humlova 

and Illnerova, 1992; Vivien-Roels et al., 1997; Garcia et al., 2003), birds (Underwood 

and Siopes, 1985; Lee et at., 1990; Wolfe and Zatz, 1994; Zatz et ai., 1994; Barrett and 

Takahashi, 1995; Sudhakumari et at., 2001; Natesan et ai., 2002; Holthues and Vollrath, 

2004), reptiles (Vivien-Roels and Arendt, 1983; Underwood and Calaban, 1987; 

Vivien-Roels et at., 1988; Firth and Kennaway, 1989; Firth et at., 1991; Tilden and 

Hutchinson, 1993; Moyer et ai., 1997; Bertolucci et at., 2003), and amphibians 

(Delgado and Vivien-Roels, 1989; Wright, 2002). In the fish pineal, melatonin synthesis 

and AA-NAT activity are reportedly influenced by photoperiods under both in vivo and 

in vitro conditions (Morton and Forbes, 1988; Zachmann et at., 1992; Bolliet et at., 

1993; Randall et at., 1995; Pavlidis et at., 1999; Masuda et ai., 2003; Bayarri et at., 

2004a,b). 

In the rat pineal, adrenergic induction of cAMP and subsequent phosphorylation 

of the transcription factor "cyclic AMP response element binding protein" (CREB) 

results in the nocturnal activation of several genes (Gupta et ai., 2005). Among these 

are genes that encode for the transcription factors "inducible cAMP early repressor" 

(lCER) (Stehle et at., 1993) and "Fos-related antigen-2" (Fra-2) (Baler and Klein, 1995; 

Guillaumond et at, 2000; Spessert et ai., 2000). In the rat, photoperiodic adaptation of 
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pineal melatonin synthesis appears to be mediated by ICER which regulates the aa-nat 

gene (Foulkes et ai., 1996). The amount of ICER protein increases under short photo­

periods and decreases under long photoperiods (Foulkes et ai., 1996) and is inversely 

correlated with the inducibility of the aa-nat gene (Engel et ai., 2004b). In addition to 

the role of lCER, Fra-2 also plays a role in the photoperiodic adaptation of pineal gene 

expression. Fra-2 expression has been reported to be photoperiod-dependent and 

involved in imprinting photoperiod on the pineal gland, transmits photoperiodic 

information and hence seasonal information to the Fra-2 target gene "iodothyronine 

deiodinase type II" (d!!) (Engel et ai., 2005). 

Acute exposure to light at night induces rapid fall in pineal melatonin levels and 

AA-NAT activity in mammals and birds (Binkley et ai., 1980; Hamm et ai., 1983; 

Maitra et ai., 1986; Vollrath et ai., 1989; Bronstein et ai., 1990; Holthues and Vollrath, 

2004),\and fishes (Masuda et al., 2003; Bayarri et ai., 2004b). It is known that, in 

addition to photoperiod, environmental temperature is an important cue in regulating 

several seasonal physiological adaptations in poikilotherms (Underwood and Calaban, 

1987; Vivien-Roels et ai., 1988; Randall et ai., 1995; Moyer et at., 1997; Masuda et ai., 

2003). Moreover, environmental temperature has also been shown to control pineal 

activity and circulating levels of melatonin in mammals (Tannenbaum et ai., 1988; 

Stokkan et at., 1991), reptiles (Vivien-Roels and Arendt, 1981, 1983; Moyer et at., 

1997) and amphibians (Delgado and Vivien-Roels, 1989; Wright, 2002). 
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Plasma levels of thyroid hormones (T4 and T3) have also been reported to 

exhibit diurnal and circadian rhythms in human (Lakatua et al., 1984; Wilson et a!., 

1992), rats (Ottenweller and Hedge, 1982a), and hamsters (Vriend, 1984) with lowest 

levels during the dark phase, which increased during the light phase of the daily cycle. 

Photoperiods have been reported to influence plasma levels of thyroid hormones and 

thyroid activity in mammals (Vaughan et al., 1982, 1994; Ben Saad and Maurel; 2004), 

birds (Kuhn and Nouwen, 1978; Renden et al., 1994; Yoshimura et al., 2003), reptiles 

(Gower et al., 1996), amphibian (Kuhn et al., 1983; Gancedo et al., 1996) and fishes 

(Cerda-Reverter et al., 1996; Leiner et a!., 2000; Leiner and MacKenzie, 2001). Besides 

photoperiods, thyroid hormones and thyroid activity are also influenced by temperature 

in mammals (Vaughan et al., 1994; Ben Saad and Maurel, 2004), birds (Oishi and 

Konishi, 1978; Bobek et al., 1980; Herbute et al., 1981; Collin et al., 2003), reptiles 

(Thapliyal, 1980; Fleury and Naulleau, 1987; Hulbert and Williams, 1988; Licht et al., 

1989), amphibian (Kuhn et al., 1983; Gancedo et al., 1996) and fishes (Eales et al., 

1982; Cyr et al., 1998; McCormick et al., 2000; Pavlidis et al., 2000). 

Since daylength and ambient temperature exhibit prominent circannual varia­

tions, and thyroid hormones and AA-NAT activity show opposite responses to the two 

climatic factors, there is a possibility that the temporal relationship between the levels 

of thyroid hormones and AA-NAT activity during different phases of the annual 

breeding cycle of the fish (Chapter - 2) are regulated by the seasonal changes in the two 

factors. Notwithstanding reports on effects of photoperiod and temperature on circula-
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ting levels of thyroid honnones and melatonin in the fish, there is paucity of 

infonnation on effects of photoperiod and temperature on the temporal relationship of 

thyroid hormones and AA-NAT activity/melatonin with special reference to the 

seasons. Therefore, it was decided to investigate effects of different photoperiods and 

simulated temperatures on the circadian rhythms of thyroid hormones (T 3 and T 4) and 

the pineal AA-NAT activity in the fish, Clarias gariepinus during winter and summer 

seasons. 

MATERIAL AND METHODS 

All experiments were conducted on adult male Clarias gariepinus. Fishes (body 

weight: 90-100g; body length: 23-27 cm) were purchased from the local fish suppliers, 

and maintained in clear plastic tubs and acclimatized at least for 15 days 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 everyday to avoid infections. 

After acclimatization, fishes were transferred to thermo- and photo­

regulated chambers. In order to study the effects of photoperiod, the fishes were 

exposed to LD 9:15, LD 12:12 and LD 15:9 ("lights on" at 6.00 h) at a constant 

temperature (25 ± 2° C) for 30 days. To study the effects of simulated temperatures, the 

fishes were maintained at 15 ± 2° C, 25 ± 2° C and 35 ± 2° C under LD 12:12 for 30 
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days. The studies were conducted during both wi?ter and summer seasons. At the end of 

the experiments, the fishes of each group were. decapitated at 8-time points at an 

interval of 3 hours over a 24 h period, and blood and pineals samples were collected 

following the methods described in Chapter - 1. The blood samples were centrifuged at 

3000 rpm to obtain plasma. The plasma samples were stored at -8 to -100 C in a 

refrigerator for the measurement ofT4 and T3. The removed pineals were immediately 

frozen in liquid nitrogen for the measurement of AA-NAT activity. The levels of 

thyroid hormones (total T3 and total T4) and pineal AA-NAT activity were measured 

following the procedures described in details in the Chapter- 1. The data were analyzed 

statistically with the help of Student's 't' test and regression analysis (Snedecor, 1961). 

Acro program based on least square fitting of single cosine function was used for 

analyzing the circadian rhythm (Nelson et at., 1979). A P < 0.05 was considered as 

significant. 
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The experimental protocol for the proposed study is given below: 

EXPERIMENTAL PROTOCOL 

Photoperiod Water Time of Duration Sampling 

Experiments Temperature Experiment Time 

1. Effects of (i)LD9:15 25 ± 2°C (i) Winter 30 days 8- time 

different (ii) LD 12:12 (ii) Summer points at an 

photoperiods (iii) LD 15:9 interval of 3 

on circadian h over a 24 

rhythms in h period 

plasma levels 

of T4, T3and 

pineal AA-

NA T activity 

2. Effects of LD 12:12 (i) 15 ± 2°C (i) Winter 30 days 8-time 

simulated (ii) 25 ± 2°C (ii) Summer points at an 

temperatures on (iii) 35 ± 2° C interval of 3 

circadian h over a 24 

rhythms in h period 

plasma levels of 

T4, T3 and 

pineal AA-NAT 

activity 

RESULTS 

Effects of photoperiods on circadian rhythms in plasma levels of thyroid 

hormones (T4 and T3) and pineal AA-NAT activity during winter and summer 

seasons: 

The data are presented in Tables 3:1,3:2 and 3:3; Figs. 3:1A, 3:1B, 3:2A, 3:2B, 

3:3A and 3:3B. Plasma levels of thyroid hOfmones (T4 and T3) and pineal AA-NAT 
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activity exhibited prominent circadian rhythms under all photoperiodic regimes (i.e., 

LD 9:15, LD 12:12 and LD 15:9) during both winter and summer seasons. The 

maximum levels of thyroid hormones were recorded during the light phase of all the 

photoperiodic regimes irrespective of the seasons. In contrast, the maximum AA-NAT 

activity was always found during the dark phase irrespective of photoperiod and 

seasons. The patterns of diurnal increase and decrease in the levels of thyroid hormones 

were different under different photoperiods and seasons. Under all the three 

photoperiods during both winter and summer seasons, plasma levels of T 4 and T 3 

increased after lights "on" at 6.00 h and remained high during the light phase. 

Depending on the photoperiod, the plasma T 4 and T 3 levels declined reaching to a low 

level at the onset or during early hour or in the middle of the dark phase. 

During both the seasons, the average plasma levels of both T 4 and T 3 were 

significantly higher during the light phase than that of the dark phase under all the 

photoperiodic regimes except under LD 15:9 in winter when the average level of T4 

was found to be similar during light and dark phases (Table 3:7 A). 

The results of acro analysis of the data are presented in Tables 3 :8A. The mesor 

(24 h average) of T4 and T3 circadian rhythms were found to be minimum in fishes 

under LD 9:15 and maximum in the fishes exposed to LD 15:9. The mesor of T4 

circadian rhythm was found to be 14 and 16-18 folds higher than that of T 3 during 

winter and summer seasons, respectively. Regression analysis of the data indicated a 
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positive correlation between the length of photoperiod and mesors ofT4 and T3 during 

both winter and summer seasons (Table 3:8A). 

The amplitude of T 4 circadian rhythm was higher under LD 9: 15 and LD 15:9 

during winter than the respective photoperiods during summer (Table '3:8A), while 

under LD 12:12 the amplitude of T4 rhythm was higher during summer than during 

winter. In case of the T3 rhythm, the amplitude was higher under LD 9:15 and LD 15:9 

during summer as compared to winter, while LD 12:12 the amplitude was higher during 

winter (Table 3:8A). Regression analysis of the data indicated a negative correlation 

between the amplitude of T4 rhythm and the length of photoperiod only during winter, 

while a positive correlation was found between the amplitude of T3 rhythm and the 

length of photoperiod only during summer (Table 3:8A). 

The acrophase of T4 occurred between 8.00 and 11.00 h during winter and 

between 11.00 and 14.00 h during summer season. As compared to LD 12:12, the 
. 

acrophase of T 4 was delayed under short photoperiod during summer, and was 

advanced under long photoperiod during winter (Table 3:8A). Unlike T4, the acrophase 

of T 3 circadian rhythm invariably occurred at 14.00 h irrespective of photoperiods and 

seasons except under LD 9:15 during summer, when the acrophase was advanced by 3 

h and occurred at 11.00 h. 
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The pineal AA-NAT activity exhibited prominent circadian rhythm under all the 

photoperiods during both the seasons. Further, irrespective of photoperiods and 

seasons, the diurnal rhythm of AA-NAT activity invariably exhibited a basal level of 

the enzyme during the light phase, which increased rapidly after the onset of dark 

phase, remained significantly higher during the dark phase and declined sharply at the 

onset oflight phase (Table 3:3; Figs. 3:3A and 3:3B). 

During both the seasons, the mesor (24 h average) of pineal AA-NAT activity 

(Tables 3:8A and 3:9C) was found to be significantly lower under LD 15:9 as 

compared to that under LD 12:12 and LD 9:15. Regression analysis of the data 

indicated a strong negative correlation between the length of photoperiod and the mesor 

of AA-NAT activity rhythm during both winter and summer seasons (Table 3 :8A). 

The amplitude of the AA-NAT activity circadian rhythm was found to be 

invariably higher during winter as compared to the respective photoperiods during 

summer. Irrespective of the seasons, the amplitude of pineal AA-NAT activity under 

LD 12:12 was found to be higher than that under LD 15:9 and lower as compared to 

that under LD 9: 15 (Table 3 :8A). Regression analysis of the data indicated a strong 

negative correlation between amplitude of pineal AA-NAT activity circadian rhythm 

and length of the photoperiod during both winter and summer seasons (Table 3:8A). 
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During summer, the acrophase of pineal AA-NAT activity circadian rhythm 

occurred at 23.00 h under all photoperiods. However, during winter the acrophase of 

the AA-NAT activity rhythm under LD 12:12 and LD 15:9 occurred at 02.00 h, while 

the acrophase was advanced by 3 hours under LD 9:15 and occurred at 23.00 h (Table 

3:8A). 

Effects of simulated temperatures on circadian rhythms in plasma levels of 

thyroid hormones (T4 and T3) and pineal AA-NAT activity during winter and 

summer seasons: 

The data are presented in Tables 3:4, 3:5 and 3:6; Figs. 3:4A, 3:4B, 3:5A, 3:5B, 

3:6A and 3:6B. Plasma levels of thyroid honnones (T4 and T3) and pineal AA-NAT 

activity exhibited prominent circadian rhythm under all the simulated temperatures (15° 

C, 25° C and 35° C) during both winter and summer seasons. 

Irrespective of the seasons, the maximum levels of thyroid hormones were 

recorded during the light phase under all the temperatures. However, the patterns of 

diurnal increase and decrease in the levels of thyroid honnones were different under 

differ'ent temperatures and seasons. Irrespective of temperatures and seasons, plasma 

levels of T 4 and T 3 increased after lights "on" at 6.00 h except at 15° C when the 

plasma level of T3 increased at 12.00 h during both the seasons. Depending on the 

temperature, the plasma T4 and T3 levels declined reaching to a low level during the 

early-, mid-, or late-dark phase, or at the onset of light phase (Tables 3:4 and 3:5; Figs. 
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3:4A, 3:4B, 3:5A and 3:5B). During both the seasons, the average plasma levels of both 

T 4 and T 3 were significantly higher during the light phase than that of the dark phase 

under all three temperatures except at 15° C when the average level of T 3 was found to 

be similar during light and dark phases (Table 3 :7B). 

The results of acro analysis of the data are presented in Table 3:8B. During both 

the seasons, the mesor (24 h average) ofT4 and T3 circadian rhythms were found to be 

highest in the fishes exposed to 35° C and lowest in the fishes at ISO C. Further, the 

mesors of both the rhythms at 25° C were significantly lower than that of 35° C and 

significantly higher than that of 15° C during both the seasons (Tables 3 :9D and 3 :9E). 

The mesor ofT4 circadian rhythm was found to be 13-17 and 12-14 folds higher than 

that of T3 during winter and summer season, respectively. Regression analysis of the 

data indicated a strong positive correlation between water temperature and mesors ofT4 

and T 3 rhythms during both winter and summer seasons (Table 3 :8B). 

During both the seasons, the amplitude of T4 circadian rhythm was found to be 

maximum at 25° C, and was greater than those at 15 ° C and 35 ° C (Table 3:8B). In 

contrast, the amplitude of the T 3 rhythm increased with increase in water temperature. 

The amplitude of both T4 and T3 circadian rhythms were found to be lower at all three 

temperatures during winter as compared to that of the respective temperatures during 

the summer season. Regression analysis of the data indicated a positive correlation 

between the amplitude of T3 rhythm and temperature during both winter and summer 

107 



seasons, while no significant correlation was found between water temperature and the 

amplitude of the T4 rhythm (Table 3:8B). 

The acrophase of T4 circadian rhythm occurred between 11.00 and 14.00 h 

during both winter and summer seasons (Table 3:8B). As compared to 25° C, while the 

acrophase of T4 was delayed by 3 hours at 35° C during winter, it was delayed by 3 

hours at both 15° C and 35° C during summer season. The acrophase of the T3 circadian 

rhythm occurred between 14.00 and 17.00 h during both winter and summer seasons. 

Further, as compared to 25° C the acrophase of the T 3 rhythm was delayed by 3 hours at 

15° C during the winter season, while it was advanced by 3 hours at both 15° C and 35° 

C during the summer season. 

In contrast to the plasma levels of thyroid hormones, pineal AA-NAT activity 

was always found to be low during the light phase. AA-NAT activity increased rapidly 

after the onset of the dark phase irrespective of temperatures and seasons, and remained 

high during the dark phase. However, the pattern of increase in AA-NAT activity 

during the first half and decrease during the second half of the dark phase was found to 

be different under different temperatures as well as during different seasons (Table 3 :6; 

Figs. 3:6A and 3:6B). 

During both the seasons, the mesor (24 h average) of pineal AA-NAT activity 

was found to be maximum at 15° C and decreased significantly at both 25° C and 35° C 
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(Table 3:9F). Regression analysis of the data indicated a strong negative correlation 

between water temperature and mesor of the AA-NAT activity rhythm during both the 

seasons (Table 3:8B). 

The amplitude of the AA-NAT activity circadian rhythm was found to be higher 

at 15° C and 35° C during summer as compared to the respective temperatures during 

winter. However, at 25° C the amplitude was found to be higher during winter than 

during summer season. Irrespective of the seasons, the amplitude of pineal AA-NAT 

activity decreased with the increase in temperature. Regression analysis of the data 

indicated a strong negative correlation between the amplitude of pineal AA-NAT 

activity circadian rhythm and water temperature during both winter and summer 

seasons (Table 3:8B). 

Irrespective of the simulated temperature, the acrophase of pineal AA-NAT 

activity circadian rhythm occurred at 23.00 h during summer season, while during 

winter it was delayed by three hours and occurred at 2.00 h (Table 3.8B). 

DISCUSSION 

. Though there are several reports on the effects of photoperiods and temperature 

either on the circulating levels of thyroid hormones or on AA-NAT activity and 

melatonin levels (Ottenweller and Hedge, 1982a; Vivien-Roels and Arendt, 1983; Sharp 

et al., 1984; Licht et cil., 1989; Stokkan et al., 1991; Zatz et al., 1994; Gower et al., 
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1996; Moyer et ai., 1997; Pavlidis et ai., 2000; Leiner and MacKenzie, 2001; Rensing 

and Rouff, 2002; Wright, 2002; Collin et ai., 2003), there is practically no infonnation 

on effects of photoperiod and/or temperature on the temporal relationship of thyroid 

honnones and AA-NAT activity/melatonin levels with special reference to the breeding 

cycle or seasons in poikilothennic vertebrates in general and in any fish species in 

particular. To the best of our knowledge, the present study seems be the first of its kind 

in which the interrelationship between the circadian rhythms of thyroid honnones and 

pineal AA-NAT activity have been studied in a fish maintained under different 

photoperiods and simulated temperatures during both winter and summer seasons. 

In the present study, levels of thyroid honnones and AA-NAT activity exhibited 

prominent circadian rhythms under all regimes of photoperiods and simulated 

temperature. However, the thyroid honnones and AA-NAT activity responded 

differently to the photoperiods and temperatures. It is important to mention that the 

levels of thyroid honnones increased only after the onset of light, and in general the 

average levels of the thyroid honnones were found. to be invariably and significantly 

higher during the light phase than that of the dark phase irrespective of photoperiods 

and seasons. Similarly, irrespective of seasons the average levels of the thyroid 

honnones were also high during the light phase than during the dark phase under all 

three simulated temperatures. In contrast to thyroid honnones AA-NAT activity 

increased only after the onset of dark phase and the average enzyme activity remained 

significantly high during the dark phase as compared to light phase irrespective of 
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photoperiods and seasons. Further, the findings of experiments conducted under 

different photoperiods and simulated temperature indicate a positive correlation 

between the length of photoperiod and the levels of thyroid hormones as well as a 

positive correlation between water temperature and the levels of thyroid hormones 

(Tables 3:9A, B, D and E). Unlike in the case of thyroid hormones, a negative 

correlation was found between the length of photoperiod and AA-NAT activity as well 

as between water temperature and AA-NAT activity (Tables 3:9C and 3:9F). These 

findings seem to suggest that both photoperiod and temperature produce opposite 

effects on the levels of thyroid hormones and AA-NAT activity, and hence melatonin 

synthesis. Increase in the length of photoperiod and water temperature seem to increase 

the circulating levels of thyroid hormones and simultaneously decrease pineal AA-NAT 

activity. On the other hand, decrease in the length of photoperiod (increased length of 

dark phase) and water temperature seem to increase AA-NAT activity/melatonin 

synthesis and simultaneously decrease the levels of thyroid hormones.~t, thus, seems 

that a direct relationship between photoperiod as well as temperature' and thyroid 

hormones, and an inverse relationship between photoperiod as well as temperature and 

AA-NAT activity jointly regulate the oppositelinverse temporal relationship between 
/' 

the circadian rhythms of thyroid hormones and AA-~:r activity (hence melatonin 

synthesis) in the fish during both winter and summer seasons) 

As revealed by the Acro analysis, depending on the photoperiod, temperature 

and season, the amplitude of T4 circadian rhythm was found to be 13-18 folds higher 
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than that of the T3 rhythm (Tables 3:8A and 3:8B). Comparatively higher mesor (24 h 

average) of the T4 rhythm than that of the T3 rhythm under all photoperiods and 

simulated temperatures during both winter and summer seasons seems to suggest that 

the synthesis and secretion of T 4 predominates the formation of T 3 in this species. The 

observed'positive correlations between the thyroid hormones and photoperiod as well as 

water temperature seem to suggest that there is a direct relationship between 

environmental temperature and photoperiod and the plasma levels of the thyroid 

hormones in Clarias gariepinus. In hibernating mammals, plasma T4 levels drop by 

about 8-folds from summer to winter (Demeneix and Handerson, 1978; Augee et al., 

1979) and thyroid activity is also reduced prior to hibernation (Hulbert, 1985). In Syrian 

hamster, total T4 and T3 concentrations were decreased significantly under short 

photoperiod, and the decrease was mediated by the pineal gland (Vaughan et al., 1982; 

Vriend, 1983a). When collared lemmings were transferred from LD 22:2 to LD 8:16; 

serum concentrations of thyroid hormones declined significantly (Nagy et al., 1993, 

1994).~hese reports and the findings of the present study seem to suggest that the 
. . 

~imulatory. effects of long photoperiod on thYl"oid activity is conserved from the fish to V 
m:~mals. ) 

The amplitude of T4 circadian rhythm was found to be higher under both long 

and short photoperiods and lower under LD 12:12 during winter, while the amplitude of 

the T 3 rhythm was higher under both long and short photoperiods and lower under LD 

12:12 during summer. Thus, the photoperiods seem to produce season-dependent 
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differential effects on the amplitudes of T4 and T3 circadian rhythms. Similarly, water 

temperature also seems to produce differential effects on the amplitudes of the two 

hormones. During both the seasons, while the amplitude of the T 4 rhythm was 

maximum at 25° C (the preferred body temperature of the fish), the amplitude of T3 

rhythm increased with increase· in water temperature. These observations seem to 

suggest that while the amplitude of T4 rhythm is closely associated with the preferred 

body temperature, the amplitude of T3 rhythm is directly controlled by water 

temperature. This suggestion is also supported by the observed positive correlation 

between water temperature and T 3 levels. 

In general, while the acrophase of T 4 circadian rhythm was influenced by both 

seasons and photoperiods, the acrophase of the T 3 rhythm was not influenced by the 

photoperiods and seasons. However, water temperature, depending on the season, either 

advanced or delayed the acrophase of the circadian rhythms of both the thyroid 

hormones. It, thus, seems that the acrophase of the T 4 rhythm in the fish is regulated 

jointly by photoperiod and water temperature, the acrophase of the T3 rhythm is 

regulated mainly by water temperature. 

The mesor (24 h average) of the circadian rhythm of pineal AA-NAT activity 

was found to be significantly higher under short daylength as compared to long 

daylength during both winter and summer (Tables 3:8A and 3:9C), and a strong 

negative correlation was recorded between the length of the photoperiod and the mesor 
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as well as the amplitude of the AA-NAT activity rhythm (Table 3:8A). Further, the 

mesor of the rhythm was found to increase significantly with decrease in water 

temperature, and a strong negative correlation was found between water temperature 

and the mesor as well as the amplitude of AA-NAT activity rhythm (Tables 3:8B and 

3 :9F). These findings seem to suggest that long daylength and higher ambient 

temperature decrease AA-NAT activity/melatonin synthesis during summer months, 

when the fish breeds. In contrast, short daylength and low temperature stimulate AA-

NAT activity/melatonin synthesis during winter months when the testis remains 

quiescent. Melatonin has been reported to produce anti-gonadal effects in other fish 

species (Borg and Ekstrom, 1981; Nayak and Singh, 1987a). It, thus, seems that the 

circannual changes in environmental photo]2eriod and temperature regulate the 

circannual changes in AA-NAT activity and hence melatonin synthesis, which in tum 

'----- -
may be regulating the circannual rhythm of testicular activity of the fish. In mammals, 

short photoperiod has been reported to increase melatonin levels (Vivien-Roels et al., 

1997; Gutjahr et ai., 2004). '/ 

At a constant temperature (25 0 C), the acrophase of AA-NAT activity rhythm 

was not influenced by photoperiod during summer, but it was advanced by three hours 

only under LD 9: 15 during winter. Further, the simulated temperatures had no effects 

on acrophase of AA-NAT activity rhythm under LD 12:12 during winter and summer. 

These findings seem to suggest that the acrophase of AA-NAT activity rhythm in the 

fish pineal might be controlled by an indigenous clock, which is not controlled either by 
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environmental temperature or photoperiod. In vitro studies on pineal AA-NAT activity 

in this fish have revealed that the circadian rhythm of AA-NAT activity persists under 

constant darkness and constant temperature (data not included) supporting the view that 

the circadian rhythm of AA-NAT activity is controlled by an indigenous clock. The 

presence of internal clock have also been reported in other temperate zone fish species 

like gold fish, Carassius auratus (Kezuka et al., 1989), the pike, Esox lucius (Falcon et 

al., 1989; Coon et al., 1998), white sucker, Catostomus commersoni (Zachman et aI., 

1992), lamprey, Lampetra japonica (Samejima et al., 1997), zebra fish, Danio rerio 

(Begay et al., 1998) and ayu, Plecoglossus altivelis (Iigo et aL, 2004). 
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Table 3:1- Effects of different photoperiods on circadian rhythms in plasma levels ofT4 

during winter and summer seasons. 

PHOTOPERIOD 
LD 9:15 LD 12:12 LD 15:9 

Plasma levels ofT4 (ng/ml) 
Time (h) WINTER 

6.00 14.24 ± 0.43* n 17.50 ± 0.58 n, I 18.20 ± 0.60 K 

9.00 19.20 ± 0.70 d, J 18.70 ± 0.52 J 19.54 ± 0.57 J 

12.00 18.62 ± 0.57 J 17.80 ± 0.48 I 18.70 ± 0.59 I 

15.00 15.50 ± 0.56 c, g,j 16.36 ± 0.55 f, k 16.66 ± 0.60 a, g, i 

18.00 13.20 ± 0.52 b, h 14.20 ± 0.61 a, h 17.30 ± 0.59 e, k 

21.00 16.35 ± 0.62 c, f, k 13.78 ± 0.41 h 14.32 ± 0.60 c, h 

24.00 14.32 ± 0.56 b, h 15.90 ± 0.45 c, g, k 17.20 ± 0.60 c, e, k 

3.00 13.50 ± 0.58 h 13.66 ± 0.39 c,h 17.50 ± 0.60 e, k 

6.00 14.24 ± 0.43 c, h 17.50 ± 0.58 ct, h, J 18.20 ± 0.60 k 

SUMMER 
6.00 14.72 ± 0.55 

h 
16.06 ± 0.45 

h 
18.70 ± 0.79 

f 

9.00 19.20 ± 0.55 d, J 21.54 ± 0.53 ct, J 21.70 ± 0.52 b, I 

12.00 17.20 ± 0.36 b, f, k 20.00 ± 0.58 
I 

20.70 ± 0.46 
k 

15.00 16.20 ± 0.64 g 18.80 ± 0.54 g, I 
. f i 

19.10±0.63 ' 
18.00 16.56 ± 0.64 

f 
17.60 ± 0.43 h, I 19.60 ± 0.51 e,j 

21.00 17.50 ± 0.37 e, k 15.76 ± 0.49 a,h 18.20 ± 0.57 g 

24.00 15.30 ± 0.57 b, g 17.50 ± 0.42 h, k 17.10 ± 0.57 
h 

3.00 15.10±0.45 
h 15.20 ± 0.41 c,h 18.40 ± 0.66 g 

6.00 14.72 ± 0.55 
h 

16.06 ± 0.45 
h 

18.70 ± 0.79 
f 

* All values are expressed as mean ± standard error; (N = 4 - 5).-

a, b, c, d Differ from the preceding value: p < 0.05,0.02, 0.01 and 0.001, respectively 

e,f,g,h Differ from the maximum value of the respective group: p < 0.05,0.02,0.01 and 

0.001, respectively .. 

i,j, k, I Differ from the minimum value of the respective group: p < 0.05,0.02,0.01 and 

0.001, respectively. 



Table 3:2- Effects of different photoperiods on circadian rhythms in plasma levels of T3 

during winter and summer seasons. 

PHOTOPERIOD 
LD 9:15 LD 12:12 LD 15:9 

Plasma levels ofT3 (ng/ml) 
Time (h) WINTER 

6.00 0.84 ± 0.04* f 0.78 ± 0.03 f 1.02 ± 0.06 e 
9.00 1.42 ± 0.06 c,j 1.25 ± 0.05 c 1.47 ± 0.07 b,j 

12.00 1.24 ± 0.06 j 1.63 ± 0.05 b 1.52 ± 0.08 j 
15.00 1.14 ± 0.07 d, i 1.30 ± 0.07 b,j 1.34 ± 0.05 a 
18.00 1.32 ± 0.08 a,j 1.32± 0.05j 1.26 ± 0.07 i 
21.00 1.05 ± 0.04 a, e, i 0.88 ± 0.05 c, f 1.36 ± 0.05 
24.00 0.93 ± 0.04 f 1.07 ± 0.07 f, i 0.96 ± 0.03 c, f 

3.00 0.81 ± 0.05 f 0.79 ± 0.03 b, f 0.98 ± 0.07 f 

6.00 0.84 ± 0.04 f 0.78 ± 0.03 f 1.02 ± 0.06 e 

SUMMER 
6.00 0.92± 0.05 

e 
0~91 ± 0.06 

e 0.69± 0.06 f 

9.00 1.38 ± 0.08 b,j 0.96 ± 0.06 e 1.25 ± 0.06 d 

12.00 1.21 ± 0.07 i 1.36 ± 0.07 b,j 1.48 ± 0.05 a,j 
15.00 1.15 ± 0.06 a, i 1.17 ± 0.06 i 1.37 ± 0.05 a,j 
18.00 0.96 ± 0.03 a, e, h 1.23 ± 0.06j 1.34 ± 0.06 j 
21.00 0.94 ± 0.04 e, g 0.85 ± 0.05 b, f 1.11 ± 0.07 d,i 
24.00 0.76 ± 0.05 a, f 0.82 ± 0.06 f 0.90 ± 0.05 f, g 

3.00 0.78 ± 0.05 f 0.77 ± 0.06 f 0.87 ± 0.06 f 
6.00 0.92± 0.05 e 0.91 ± 0.06 e 0.69± 0.06 f 

* All values are expressed as mean ± standard error; (N = 4 - 5). 

a, b, c Differ from the preceding value: p < 0.05,0.01 and 0.001, respectively. 

d,e,fDiffer from the maximum value of the respective group: p < 0.05, 0.01 and 0.001, 

respectively. 

g, h, i,j Differ from the minimum value of the respective group: p < 0.05,0.02,0.01 and 

0.001, respectively. 



Table 3:3- Effects of different photoperiods on circadian rhythms in pineal arylalkyl­

amine-N-acetyltransferase activity during winter and summer seasons. 

PHOTOPERIOD 
LD 9:15 LD 12:12 LD 15:9 

AA-NAT activity (nmollpineallhour) 
Time (h) WINTER 

6.00 2.43 ± 0.14* r, g 2.43 ± 0.12 r,J 2.02 ± 0.11 
1,1 

9.00 1.86 ± 0.11 
a,f 

2.02 ± 0.15 
f 

1.93±0.12 
f, i 

12.00 2.19±0.14 
f 

1.90 ± 0.04 
f 

1.58 ± 0.11 
f 

15.00 2.48 ± 0.11 f,g 1.83 ± 0.17 
f 

1.52 ± 0.09 
f 

18.00 3.31 ± 0.22 a,f,i 2.03 ± 0.13 
f 

1.65±0.12 
f 

21.00 5.41 ± 0.07 
c, i 2.94± 0.13 b,e,h 1.41±0.12 

e, f 

24.00 4.43 ± 0.10 b,f, i 5.35 ± 0.33 
b, i 

2.80 ± 0.12 
e 

3.00 4.13 ± 0.156 f,i 3.93 ± 0.05 b, e, i 3.45 ± 0.13 
b, i 

6.00 2.43 ± 0.141 c,f, g 2.43 ± 0.12 c,f, i 
f . 

2.02 ± 0.11 c, , 1 

SUMMER 
6.00 1.14±0.04 f,g 1.17 ± 0.03 

f 
1.15 ± 0.04 

1 

9.00 1.27 ± 0.04 
f 

1.26 ± 0.04 
f 

1.08 ± 0.0 
f 

12.00 0.89 ± 0.06 b, f 1.23± 0.06 
f 

1.08 ± 0.03 
f 

15.00 1.20 ± 0.03 
b,f 

1.25 ± 0.04 
f 

1.08 ± 0.03 
f 

18.00 2.29 ± 0.08 c, f, i 1.26 ± 0.09 
f 

1.14±0.03 
f 

21.00 3.72 ± 0.09 
c, i 2.93 ± 0.13 c, i 2.24 ± 0.10 c, e, i 

24.00 3.51 ± 0.02 
i 

3.32±0.10 
1 

2.40 ± 0.13 
1 

3.00 3.16±0.15 
d 

3.05 ± 0.11 
1 

2.64 ± 0.03 
1 

6.00 1.14±0.04 c"f, g 1.17±0.03 
c,f 

1.15±0.04 
c, i 

* All values are expressed as mean ± standard error; (N = 4 - 5). 

a, b, c Differ from the preceding value: p < 0.02, 0.01 and 0.001, respectively 

d,e, fDiffer from the maximum value of the respective group: p < 0.02, 0.01 and 0.001, 

respectively. 

g,h,i Differ from the minimum value of the respective group: p < 0.02; 0.01 and 0.001, 

respectively. 



Table 3:4- Effects of simulated temperatures on circadian rhythms in plasmalevels ofT4 

during winter and summer seasons. 

WATER TEMPERATURE 
15° C 25° C 35° C 

Plasma levels ofT4 (ng/ml) 
Time (h) WINTER 

6.00 13.60 ± 0.57 
1 

16.60 ± 0.53 J 18.40 ± 0.58 
1 

9.00 15.46 ± 0.68 j 20.70 ± 0.76 c,j 21.46 ± 0.71 c,j 

12.00 14.86±0.51 j 18.30 ± 0.52 a,j 19.80 ± 0.59 a,j 

15.00 14.60 ± 0.62 j 18.50 ± 0.58 j 20.54 ± 0.47 j 
18.00 

f . 
12.82 ± 0.39 a, , 1 15.56 ± 0.62 c,h 20.44 ± 0.63 c,j 

21.00 13.22 ± 0.57 e, i 12.98 ± 0.45 b, h 16.96 ± 0.61 b,h 

24.00 12.70 ± 0.45 g 14.56 ± 0.66 
h 

17.30 ± 0.48 
h 

3.00 10.60 ± 0.43 b, h 13.88 ± 0.69 
h 15.62 ± 0.52 c, h 

6.00 13.60 ± 0.57 
c 16.60 ± 0.53 b,j 18.40 ± 0.58 

.c 

SUMMER 
6.00 8.75 ± 0.61 

h 
16.26 ± 0.54 

1 

15.76 ± 0.53 
h 

9.00 
d . 

15.26 ± 0.44 ,J 21.37 ± 0.63 d,j 
d . 

21.30 ± 0.83 ,J 

12.00 14.04 ± 0.48 j 20.10 ± 0.51 j 18.10±0.68 b
,i 

15.00 15.30 ± 0.54 j 15.9 O± 0.55 d, h, i 19.40 ± 0.62 j 
18.00 11.47 ± 0.58 c,i 14.08 ± 0.48 a, h 18.60 ± 0.55 e, i 

21.00 9.32 ± 0.66 
a,h 

12.46 ± 0.64 
h 15.80 ± 0.54 c, h 

24.00 8.39 ± 0.79 
h 16.20 ± 0.46 c, h 16.56 ± 0.70 g 

3.00 8.17 ± 0.51 
h 13.16±0.51 c,h,i 15.30 ± 0.41 

h 

6.00 8.75 ± 0.61 
h 16.26 ± 0.54 c, i 15.76 ± 0.53 

All values are expressed as mean ± standard error; (N = 5). 

a, b, c, d Differ from the preceding value:.p < 0.05,0.02,0.01 and 0.001, respectively. 

e, f, g, h Differ from the maximum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

i,j Differ from the minimum value of the respective group: p < 0.01 and 0.001, 

respectively; 



Table 3:5- Effects of simulated temperatures on circadian rhythms in plasma levels ofT3 

during winter and summer seasons.· 

WATER TEMPERATURE 
15° C 25° C 35° C 

Plasma levels ofT3 (ng/ml) 
Time (h) WINTER 

6.00 0.75 ± 0.04* 0.98 ± 0.05 
r 

1.26 ± 0.06 
e 

9.00 0.71 ± 0.05 
C 1.12±0.06 1.44 ± 0.05 

I 

12.00 0.86 ± 0.04 
b· 

1.44 ± 0.06 ,J 1.62 ± 0.05 
j 

15.00 0.91 ± 0.06 1.37 ± 0.06 
i 

1.48 ± 0.05 
I 

i8.00 0.89 ± 0.05 .1.34 ± 0.06 1.51 ± 0.05 
j 

21.00 ·0.91 ± 0.05 
g 1.18 ± 0.06 d,g 1.44 ± 0.06 

j 

24.00 0.75 ± 0.03 
a 

1.14±0.07 
d 

1.25 ± 0.05 
e 

3.00 0.73 ± 0.05 
C 

0.97 ± 0.04 
f 

1.08 ± 0.05 
f 

6.00 0.75 ± 0.04 0.98 ± 0.05 
f 

1.26 ± 0.06 
e 

SUMMER 
6.00 C f f 

0.85 ± 0.05 0.91 ± 0.06 0.93 ± 0.08 
9.00 0.90 ± 0.05 1.18 ± 0.06 1.54 ± 0.08 b,j 

12.00 1.06 ± 0.08 
g 1.42 ± 0.05 a,j 1.58 ± 0.07 

j 

15.00 0.96 ± 0.07 1.28 ± 0.06 
I 

1.46 ± 0.05 
j 

18.00 1.08 ± 0.07 
g 

1.32± 0.06 
i 

1.52 ± 0.05 
j 

21.00 0.84 ± 0.05 
a,c . h 

1.22 ± 0.07 1.32 ± 0.05 d, i 

24.00 0.86 ± 0.06 1.13 ± 0.05 
e, h 00 c,i 1.38 ± . 4 

3.00 0.82 ± 0.05 
C 

1.02 ± 0.06 
e 

1.28 ± 0.04 
e 

6.00 0.85 ± 0.05 
C . f 

'0.91 ± 0.06 0.93 ± 0.08 b, f 

* All values are expressed as mean ± standard error; (N = 5). 

a, b Differ from the preceding value: p < 0.05 and 0.01, respectively. 

c, d, e, f Differ from the maximum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

g, h, i, j Differ from the minimum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively .. 



Table 3:6- Effects of simulated temperatures on circadian rhythms in pineal arylalkyl­

amine-N-acetyltransferase activity during winter and summer seasons. 

WATER TEMPERATURE 
15° C 25° C 35° C 

AA-NAT activity (nmol/pineallh) 
Time (h) WINTER 

6.00 5.08 ± 0.14* e,h 2.86 ± 0.10 e,g 2.54 ± 0.14 e, g 

9.00 3.52 ± 0.33 
e, e 2.75 ± 0.14 e,g 2.48 ± 0.04 e, h 

12.00 2.90 ± 0.17 
e 

2.11±0.14 
b,e 1.88 ± 0.16 b,e 

15.00 2.92 ± 0.14 
e 

1.66 ± 0.20 
e 

1.54 ± 0.09 
e 

18.00 3.17 ± 0.28 
e 1.78 ± 0.23 2.46 ± 0.07 d, e 

21.00 6.46 ± 0.34 
d,h 3.38 ± 0.21 e,g 3.14 ± 0.22 

a, h 

24.00 7.88 ± 0.17 
e, h 

4.96 ± 0.20 
e,h 

3.73 ± 0.07 
a,h 

3.00 6.71 ± 0.38 
a,h 

4.50 ± 0.13 
h 

3.09 ± 0.11 
a, h 

6.00 5.08 ± 0.14 e,e,h 2.86 ± 0.10 d,e;g 2.54 ± 0.14 b,e,g 

SUMMER 
6.00 2.76 ± 0.09 

e 
1.27 ± 0.11 

e, f 
1.18±0.10 

e 

9.00 2.66 ± 0.06 
e 

1.02 ± 0.04 
e 

1.04 ± 0.03 
e 

12.00 2.61 ± 0.09 
e 

0.82 ± 0.07 
e 

0.80 ± 0.80 
e 

15.00 2.83 ± 0.04 
e 

1.22 ± 0.06 
e 

0.95 ± 0.06 
e 

18.00 3.04 ± 0.08 e,f 1.32 ± 0.06 
h 

1.31 ± 0.02 
e 

21.00 3.98 ±0.02 d, h 3.17 ± 0.04 
d,h . d 

1.91 ± 0.08 
24.00 7.76 ± 0.42 

d,h 
3.75 ± 0.10 

e,h 3.11 ± 0.03 d,h 

3.00 4.83 ± 0.17 d, g 3.51 ±O.lO 
h 2.77 ± 0.07 e, h 

6.00 2.76 ± 0.09 
d,e 1.27 ± 0.11 d, e, f o 0 d,e 1.18 ± .1 

* All values are expressed as mean ± standard error; (N = 4 - 5). 

a,b,e,d Differ from the preceding value: p < 0.05, 0.02, 0.01 and 0.001, respectively. 

eDiffers from the maximum value of the respective group: p < 0.001. 

f, g, h Differ from the minimum value of the respective group: p < 0.02,0.01 and 0.001, 

respectively. 



Table 3:7A- Average plasma levels of thyroid hormones (T4 and T3) and average pineal 

arylalkylamine-N-acetyltransferase (AA-NAT) activity during the light 

and dark phases under different photoperiods during winter and summer 

seasons. 

Plasma levels ofT4 (ng/ml) 

Winter Summer 

Photoperiod 

LD 9:15 

LD 12:12 

LD 15:9 

Light phase 

17.77±0.61*d 

16.76 ± 0.55 a 

17.30 ± 0.59 

Dark phase Light phase Dark phase 

14.32 ± 0.54 17.53 ± 0.51 a 15.83 ± 0.51 

15.21 ± 0.46 19.48 ± 0.52 d 16.13±0.44 

17.63 ± 0.67 19.86 ± 0.53 a 18.06 ± 0.67 

Plasma levels ofT3 (ng/ml) 

Winter Summer 

Photoperiod 

LD 9:15 

LD 12:12 

LD 15:9 

Light phase 

1.26 ± 0.06 c 

1.37 ± 0.05 d 

1.39 ± 0.06 b 

Dark phase Light phase Dark phase 

0.99 ± 0.05 1.24 ± 0.07 a 0.87 ± 0.04 

0.88 ± 0.04 1.18 ± 0.06 d 0.83 ± 0.05 

0.98 ± 0.05 1.31 ± 0.06 d 0.82 ± 0.05 

AA-NAT activity (nmol/pineallhour) 

Winter Summer 

Photoperiod 

LD 9:15 

LD 12:12 

LD 15:9 

Light phase 

2.17±0.1}d 

1.94 ± 0.12 d 

1.61 ± 0.10 d 

Dark phase Light phase 

3.15 ± 0.13 1.12 ± 0.04 a 

3.66 ± 0.14 1.25 ± 0.06 d 

2.75 ± 0.09 1.32 ± 0.06 d 

* All values are expressed as mean ± standard error (S. E). 
i). LD 9:15: Light phase N = 13 - 15 and Dark phase N = 22 - 25; 

ii). LD 12:12: Light phase N = 17 - 20 and Dark phase N = 17 - 20; 
iii). LD 15:9: Light phase N = 22 - 25 and Dark phase N = 13 - 15. 

Dark phase 

2.76 ± 0.08 

3.61 ± 0.10 

2.06 ± 0.06 

a, b, c, d Differ from the dark phase of the respective group: p < 0.05,0.02,0.01, and 
0.001, respectively. . 



Table 3:7B- Average plasma levels of thyroid hormones (T4 and T3) and average pineal 

arylalkylamine-N-acetyltransferase (AA-NAT) activity during the light 

and dark phases under simulated temperatures during winter and summer 

seasons. 

Plasma levels ofT4 (ng/ml) 

Water 

Temperature 

Winter Summer 

Light phase Dark phase Light phase Dark phase 

14.43 ± 0.55* 0 12.53 ± 0.51 14.02 ± 0.51 0 8.72 ± 0.64 

18.27 ± 0.62 d 14.49 ± 0.53 17.86 ± 0.54 d 14.52 ± 0.54 

20.56 ± 0.60 d 17.07 ± 0.55 19.38 ± 0.66 d 15.85 ± 0.54 

Plasma levels ofT3 (ng/ml) 

Water 

Temperature 

Winter Summer 

Light phase Dark phase Light phase Dark phase 

0.85 ± 0.05 0.78 ± 0.04 1.00 ± 0.07 0.84 ± 0.05 

1.32 ± 0.05 d 1.06 ± 0.05 1.30 ± 0.05 c 1.07 ± 0.06 

1.51 ± 0.05 d 1.25 ± 0.05 1.52 ± 0.06 d 1.22 ± 0.05 

AA-NAT activity (nmol/pineallhour) 

Water 

Temperature 

Winter Summer 

Light phase Dark phase Light phase 

3.l3 ± 0.23 0 6.54 ± 0.25 2.78 ± 0.06 0 

2.07±0.18 d 3.92 ± 0.17 1.09 ± 0.05 d 

2.09 ± 0.09 d 3.13±0.13 1.02 ± 0.04 d 

* All values are expressed as mean ± standard error (S. E). 
i). LD 9:15: Light phase N = 13 - 15 and Dark phase N = 22 - 25; 

ii). LD 12:12: Light phase N = 17 - 20 and Dark phase N = 17 - 20; 
iii). LD 15:9: Light phase N = 22 - 25 and Dark phase N = 13 - 15. 

Dark phase 

4.83 ± 0.23 

2.93 ± 0.09 

2.24 ± 0.07 

a, b, c, d Differ from the dark phase of the respective group: p < 0.05, 0.02, 0.01, and 0.001, 
respectively. 



Table 3:8A- Aero analysis of the data on the circadian rhythms of thyroid hormones (T4 and T3) and pineal AA-NAT activity under 

different photoperiods during winter and summer seasons (Based on data presented in Tables 3:1,3:2 and 3:3). 

WINTER 

Mesor ;\mplitude Acrophase (h) 95% Confidence interval Goodness of fit Threshold (20%) 
(c. I) (h) (h) 

LD LD LD r LD LD LD r LD LD LD LD LD LD LD LD LD LD LD LD 
9:15 12:12 15:9 9:15 12:12 15:9 9:15 12:12 15:9 9:15 12:12 15:9 9:15 12:12 15:9 9:15 12:12 15:9 

T4 15.61 15.98 17.42 0.98 3.00 2.52 2.61 -0.76 11 11 8 9.37 9.79 6.59 0.209 0.1 08 0.111 2.6 2.6 -

(ng/ml) to to to p> P p> 
12.63 12.21 9.41 0.05 >0.05 0.05 

.,.. 
N.S N.S N. S 

T3 1.09 1.12 1.23 0.94 0.30 0.42 0.28 -0.14 14 14 14 12.67 12.86 12.88 0.127 0.086 0.094 5.6 5.6 5.6 
(ng/ml) to to to p> p< p< 

15.33 15.14; 15.12 0.05 0.05 0.05 
N.S 

AA-NAT 3.28 2.80 2.04 - 0.99 1.77 1.76 1.02 -0.87 23 2 2 22.3 0.8 0.65 0.031 0.96 0.124 14.6 17.6 17.6 
activity to to to p< p< p> 
(nmol/ 23.7 3.2 3.35 0.001 0.05 0.05 

pineal/h) N.S 

SUMMER 

Mesor Amplitude Acrophase (h) 95% Confidence interval Goodness of fit Threshold (20%) 
(c. I) (h) (h) 

T4 (ng/ml) 16.47 17.80 19.18 0.99 2.24 3.17 2.30 -0.05 14 11 11 11.93 9.57 9.8 10.322 0.14 0.085 5.6 2.6 2.6 
to to to p> p> p< 

16.07 12.43 12.2 0.05 0.05 0.05 
N.S N.S -

T3 (ng/ml) 1.01 1.00 1.12 0.47 0.31 0.29 0.39 0.78 11 14 14 9.93 12.15 13.11 0.074 0.047 0.051 2.6 5.6 5.6 
to to to p< p< p< 

12.07 14.85 14.89 0.02 0.05 0.01 

AA-NAT 1.89 2.14 1.60 -0.97 1.41 1.07 0.78 -0.88 23 23 23 21.84 22.41 21.92 0.103 0.025 0.097 14.6 14.6 14.6 
activity to to to p< p< p< 
(nmol/ 24.16 23.59 24.08 0.05 0.001 0.05 

pineal/h) 
- - -



Table 3:8B- Acro analysis of the data on the circadian rhythms of thyroid hormones (T4 and T3) and pineal AA-NAT activity under 

simulated temperatures during winter and summer seasons. (Based on data presented in Tables 3 :4, 3:5 and 3 :6). 

WINTER 
Mesor Amplitude Acrophase (h) 95% Confidence Goodness offit Threshold (20%) 

interval (c. I) (h) (h) 
15° C 25° C 35° C r 15° C 25° C .35° C r 15° C 25° C 35° C 15°C 25°C 35°C 15° C 25° C 35° C 15° C 25° C 35° C 

T4 13.48 16.38 18.81 0.99 2.43 3.86 2.92 0.33 11 11 14 9.49 10.16 12.83 0.14 0.043 0.091 2.6 2.6 5.6 
(ng/ml) .' to to to P > 0.05 p < 0.005 p < 0.05 

12.51 11.84 15.17 N.S. 

T3 0.81 1.19 1.38' 0.98 0.1 0.23 0.27 0.94 17 14 14 16.21 12.99 13.0. 0.048 0.07 0.058 8.6 5.6 5.6 
(ng/ml) to to to •. p< p < 0.02 p < 0.01 

17.79 15.01 15.0 0.005 

AA-NAT 4.83 3.0 2.60 -0.93 2.49 1.65 1.09 -0.99 2 2 2 1.26 1.19 0.93 0.039 0.043 0.067 17.6 17.6 17.6 
activity to to to p< P < 0.005 p < 0.02 
(runol! 2.74 2.81 3.07 0.005 

pineal/h) 
- -- -

SUMMER 
Mesor Amplitude Acrophase (h) 95% Confidence Goodness of fit Threshold (20%) 

interval (C. I) (h) (h) 
T4 (ng/ml) 11.33 16.19 17.60 0.95 3.56 4.45 3 -0.38 14 11 14 13.11 9.72 12.5 0.063 0.11 0.158 5.6 2.6 5.6 

to to to P < 0.02 p > 0.05 p > 0.05 
14.89 12.28 15.5 N.S. N. S. 

T3 (ng/ml) 0.92 1.18 1.37 0.99 0.13 0.25 0.32 0.98 14 17 14 12.83 15.69 12.14 0.101 0.104 0.233 5.6 8.6 5.6 
to to to P < 0.05 P > 0.05 P > 0.05 

15.17 18.31 15.86 N. S. N. S. 

AA-NAT 3.80 2.01 1.63 -0.93 2.57 1.46 1.15 0.95 23 23 23 21.58 22.13 21.92 0.135 0.058 0.083 14.6 14.6 14.6 
activity to to to P > 0.05 P < 0.01 P < 0.05 
(runol! 24.42 23.87 24.08 N.S. 

pineal/h) 
- - - -



Table J:9A- Effects of different photoperiods on the 24 h average of plasma level of 

thyroxine (T 4) 

Photo eriod 
LD 9:15 
LD 12:12 
LD 15:9 
r 

WINTER 
15.61 ± 0.46* 
15.98 ± 0.32 
17.42 ± 0.31c 
0.98 

Plasma levels ofT4 (nglml) 

SUMMER 
16.47 ± 0.29 
17.80 ± 0.36 a 
19.18 ± 0.30 b,c 

0.99 

* All values are expressed as mean ± standard error (S. E); N = 36 - 40. 

a, b Differ significantly from LD 9: 15 group of the respective group: p < 0.05 and 0.01, 

respectively. 

C Differs significantly from LD 9:15 and LD 12:12 groups ofthe respective group: p < 

0.001. 

Table 3:9B- Effects of different photoperiods on the 24 h average of plasma level of 

triiodothyronine (T 3)' 

Photo eriod 
LD 9:15 
LD 12:12 
LD 15:9 
r 

WINTER 
1.09 ± 0.03* 
1.12±0.04 
1.23 ± 0.03 a 

0.94 

Plasma levels ofT3 (nglml) 

SUMMER 
1.01 ± 0.03 
0.99 ± 0.03 
1.12 ± 0.04 a 

0.47 

* All values are expressed as mean ± standard error (S. E); N = 36 - 40. 

a Differs significantly from LD 19:15 and LD 12:12 group of the respective group: 

p < 0.01. 



Table 3:9C- Effects of different photoperiods on the 24 h average of pineal AA-NAT 

activity. 

Photo eriod 
LD 9:15 

. LD 12:12 
LD 15:9 
r 

AA-NA T activity (nmollpineallhour) 

WINTER 
3.28 ± 0.19* 
2.80±0.19 
2.05 ± 0.11 a, b 

-0.99 

SUMMER 
2.15 ± 0.17 
1.93 ± 0.14 
1.60 ± 0.09 c, d 

-0.97 

* All values are expressed as mean ± Standard error (S. E); N = 36 - 40. 

a, b Differ significantly from LD 9: 15 and LD 12: 12 group respectively during winter 

season: p < 0.01 and 0.001, respectively. 

c,d Differ significantly from LD 12:12 and LD 9:15 group respectively during summer 

season: p < 0.05 and 0.01, respectively. 

Table 3:9D- Effects of simulated temperatures on the 24 h average of plasma levels of 

thyroxine (T4). 

Water tern erature 

r 

Plasma levels ofT4 (ng/ml) 

WINTER 
13.48 ± 0.29* 
16.38 ± 0.44 a 

18.81 ± 0.36 b 

0.99 

SUMMER 
11.33 ± 0.50 
16.19 ± 0.50 a 

17.60 ± 0.37 b 

0.95 

* All values are expressed as mean ± standard error (S. E); N = 36 - 40. 

a Differs significantly differs from 15° C of the respective group: p < 0.001. 

b Differs significantly from 15° C and 25° C of the respective group: p < 0.001. 



Table 3:9E- Effects of simulated temperatures on the 24 h average of plasma levels of 

triiodothyronine (T3). 

Water tern erature 

r 

Plasma levels ofT3 (ng/ml) 

WINTER 
0.81 ± 0.02* 
1.19 ± 0.03 a 

1.38 ± 0.03 b 

0.98 

SUMMER 
0.92 ± 0.02 
1.18±0.03 a 

1.37 ± 0.03 b 

0.99 

* All values are expressed as mean ± standard error (S. E); N = 36 - 40. 

a Differs significantly from 15° C of the respective group: p < 0.001. 

bDiffers significantly from 15° C and 25° C ofthe respective group: p < 0.001. 

Table 3:9F- Effects of simulated temperatures on the 24 h average of pineal AA-NAT 

activity. 

AA-NAT activity (nmol/pineallhour) 

Water temperature WINTER SUMMER 
15° C 4.83 ± 0.3* 3.80 ± 0.25 
25° C 3.00 ± 0.21 a 2.01 ± 0.18 a 
35° C 2.61 ± 0.12 b 1.63 ± 0.13 b 
r -0.93 -0.93 

* All values are expressed as mean ± standard error (S. E); N = 36 - 40. 

a,b Differ significantly from 15° C of the respective group: p < 0.01 and 0.001, 

respectively. 
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Fig. 3:1A- Effects of different photoperiods on circadian rhythm in plasma levels of 

T 4 during winter season at a constant temperature (250 C). 
All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

a, b, c, d Differ significantly from the preceding value: p < 0.05,0.02,0.01 and 0.001, 

respectively. 

e,1; g, h Differ significantly from the maximum value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 

i,j, k, I Differ significantly from the minimum value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 
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Fig. 3:2A- Effects of different photoperiods on circadian rhythm in plasma levels of 

T 3 during winter season at a constant temperature (25° C). 

All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

a, b, C Differ significantly from the preceding value: p < 0.05, 0.01 and 0.001, respectively. 

d, e, f Differ significantly from the maximum value of the respective group: p < 0.05,0.01 

and 0.001, respectively. 

I,J Differ significantly from the minimum value of the respective group: p < 0.01 and 

0.001, respectively. 
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Fig. 3:2B- Effects of different photoperiods on circadian rhythm in plasma levels 

ofT3 during summer season at a constant temperature (250 C). 

All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

a, b Differ significantly from the preceding value: p < 0.05 and 0.01, respectively. 

d, e, f Differ significantly from the maximum value of the respective group: p < 0.05, 

0.01 and 0.001, respectively. 

g, h, i,j Differ significantly from the minimum value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 
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Fig. 3:3A- Effects of different photoperiods on circadian rhythm in pineal AA-N­

acetyltransferase (AA-NAT) activity during winter season at a constant 

temperature (25° C). 

All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

a, b, C Differ significantly from the preceding value: p < 0.02, 0.01 and 0.001, respectively. 

e, f Differ significantly from the maximum value of the respective group: p < 0.01, and 

0.001, respectively. 

g, It, i Differ significantly from the minimum value of the respective group: p < 0.02,0.01 

and 0.001, respectively. 
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acetyltransferase (AA-NAT) activity during summer season at a 
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All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

b, C Differ significantly from the preceding value: p < 0.01 and 0.001, respectively. 

d, e, f Differ significantly from the maximum value of the respective group: p < 0.02,0.01 

and 0.001, respectively. 

g, i Differ significantly from the minimum value of the respective group: p < 0.02, and 

0.001, respectively. 
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Fig. 3:4A- Effects of simulated temperatures on circadian rhythm in plasma levels of 

T 4 during winter season under LD 12: 12. 

All values are expressed as mean ± standard error (S. E); N = 5. 

a, b, c Differ significantly from the preceding value: p < 0.05,0.02 and 0.01, respectively. 

e, 1; g, h Differ significantly from the maximum value of the respective group: p < 0.05, 

0.02,0.01 and 0.001, respectively. 
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and 0.001, respectively. 
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Fig. 3:4B- Effects of simulated temperatures on circadian rhythm in plasma levels 

of T 4 during summer season under LD 12: 12. 

All values are expressed as mean ± standard error (S. E); N = 5. 

a, b, c, d Differ significantly from the preceding value: p < 0.05,0.02,0.01 and 0.001, 

respectively. 

e, g, h Differ significantly from the maximum value of the respective group: p < 0.05, 

0.01 and 0.001, respectively. 

i,j Differ significantly from the minimum value of the respective group: p < 0.01 

and 0.001, respectively. 
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Fig. 3:5A- Effects of simulated temperatures on circadian rhythm in plasma levels 

of T 3 during winter season under LD 12: 12. 

All values are expressed as mean ± standard error (S. E); N = 5. 

a, b Differ significantly from the preceding value: p< 0.05, and 0.001, respectively. 

c, d,e, f Differ significantly from the maximum value of the respective group: p< 0.05, 

0.02,0.01, and 0.001, respectively. 

g, i,j Differ significantly from the minimum value of the respective group: p<0.05, 

0.01, and 0.001, respectively. 
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Fig. 3:5B- Effects of simulated temperatures on circadian rhythm in plasma levels 

of T 3 during summer season under LD 12: 12. 

All values are expressed as mean ± standard error (S. E); N = 5. 

a, b Differ significantly from the preceding value: p < 0.05, and 0.001, respectively. 

c, d, e, f Differ significantly from the maximum value of the respective group: 

p < 0.05,0.02,0.01, and 0.001, respectively. 

g, b, i, j Differ significantly from the minimum value of the respective group: 

p < 0.05, 0.02, 0.01, and 0.001, respectively. 
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Fig. 3:6A- Effects of simulated temperatures on circadian rhythm in pineal AA-N­

acetyltransferase (AA-NAT) activity during winter season under LD 12: 12. 

All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

a, b, c, d Differ significantly from the preceding value: p < 0.05,0.02,0.01 and 0.001, 

respectively. 

e Differs significantly from the maximum value: p < 0.001. 

g, h Differ significantly from the minimum value of the respective group: p < 0.01 and 

0.001, respectively. 



8 15° C under LD 12:12 
d,h 

Ag 
*""e __ .*;r--_!~ ~e 

- Light phase - - Dark phase -

25° C under LD 12:12 

c, h h 

~ 

1:~--.. .. _e_~ ~e'f 
o+---~--~--~--~--~--.. --.. --.. --~~ 

8 35° C under LD 12:12 

d,h 

e e e * __ •• ~ __ ~e~~~ 
o+---~--~--~--~--~--~~--~--.. --~--~ 

6.00 9.00 12.00 15.00 18.00 21.00 24.00 3.00 6.00 

Time (hour) 

Fig. 3:6B- Effects of simulated temperatures on circadian rhythm in pineal AA-N­

acetyltransferase (AA-NAT) activity during summer season under 

LD 12:12. 

All values are expressed as mean ± standard error (S. E); N = 4 - 5. 

c, d Differ significantly from the preceding value: p < 0.05,0.02,0.01, and 0.001, 

respectively. 

e Differs significantly from the maximum value: p < 0.001. 

t: g, h Differ significantly from the minimum value of the respective group: p < 0.02, 

0.01, and 0.001, respectively. 



CHAPTER-4 

In vivo effects of melatonin on plasma levels of thyroxine (T4) and 

triiodothyronine (T 3) 

INTRODUCTION 

Thyroid hormones have been reported to playa major role in the regulation of 

~ 
metabolism (Peter and Oomen, 1989; Gupta and Thapliyal, 1991), growth and 

" development (Cyr et ai., 1998; Power et ai., 2001), sexual maturation (Ueda et ai., 

1984; Pavlidis et ai:, 2000), breeding cycle (Volkoff et ai., 1999), migration (Ueda et 

ai., 1984; Matty, 1985a), electrolyte and water metabolism (Peter et ai., 2000) etc. of 

the fish, which experiences continuous adjustments in physiological and morphological 

characteristics in relation to ever-changing aquatic environment (Matty, 1985a). The 

circulating thyroid hormones exhibit distinct circadian and circannual rhJ'.1hms in fish 

species (Cyr et ai., 1998; Leiner et ai., 2000; Pavlidis et ai., 2000; Leiner and 

MacKenzie, 2001). Variations < in the circulating levels of thyroxine (T4) and 

triiodothyronine (T 3)· of fishes are reportedly controlled by fluctuations in ambient 

temperature, physical activity, photoperiod, feeding, etc. (Matty, 1985a; Cyr et ai., 

1988; Leiner et ai., 2000). However, the circannual rhythms of these hormones seem to 

be closely associated with circannual variations in ambient temperature, daylength and 

gonadal steroids (Pavlidis et ai., 2000). Seasonal fluctuations in photoperiods and 

temperature have also been reported to regulate the circadian and circannual rhythms of 

melatonin production in some fish species (Randall et ai., 1995; Pavlidis et ai., 1999; 
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Samejima et at., 2000; Garcia-Allegue et at., 2001). Thyroid honnone production is 

maximum during summer when daylengths are long and pineal activity/melatonin 

production is minimum, and low levels of thyroid honnones are found in fish during 

winter when daylengths are short and pineal activity is high (Vivien-Roels and Arendt, 

1981; Zachmann et at., 1992; Samejima et at., 2000). Levels of thyroid honnones are 

reportedly inhibited by melatonin administration and increased after pinealectomy in 

mammals (Vaughan et at., 1982; Vriend et at., 1982; Vriend, 1984; Vaughan and Pruitt, 
~. 
f\ 

1985; Wajs and Lewiski, 1992; Ozturk et at., 2000; Champney, 2001; Baltaci et ai., 

"'-
2003, 2004) and birds (Sharp et ai., 1984; John et ai., 1990; Prakash et ai., 1998). 

Pinealectomy in Ciarias batrachus during development and maturation phase increased 

thyroid honnones (Nayak and Singh, 1987a). As in mammals, melatonin might also 

influence circulating levels of thyroid honnones in the fish. However, there is scarcity 

of infonnation on the effects of melatonin on thyroid honnones in any fish species in 

relation to seasons/temperature. Therefore, it was thought worthwhile to investigate 

effects of exogenous melatonin on plasma levels of thyroid honnones in an alr-

breathing fish, Ciarias gariepinus during the four phases of the breeding cycle. 

MATERIALS AND METHODS 

All the experiments were conducted on male Ciarias gariepinus (body weight: 

90-100g; body length: 23-27cm.) purchased from local fish suppliers. Fishes were 

maintained in 100 liter aquaria and acclimatized for 15 days in the laboratory under 

natural climatic conditions at Shillong (Latitude 25°.30' N, Longitude 91°.52' E, 
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Altitude 1450 ASL). The fishes were fed with minced earthworms' ad libitum daily 

between 11.00 am and 11.30 am. Water was changed everyday to avoid infections. The 

experiments were done during quiescent phase (February; morning water temp: 12°-

13° C; evening water temp: 14° - 15° C), progressive phase (April; morning water temp: 

12.40° - 13.20° C; evening water temp: 19.5° - 20° C), breeding phase (August; 

morning water temp: 19° - 20° C; evening water temp: 21 ° - 22° C) and regressive phase 

(November; morning water temp: 8.5° - 9.6° C; evening water temp: 15.8° - 16.5° C). In 

all the phases, the acclimatized fishes were divided into 8 groups of 5-7 fishes each (4 
, 

groups each for morning and evening experiments). Melatonin (Sigma Chemical Co., 

USA) was dissolved in few drops of ethyl alcohol and diluted in fish saline. Three doses 

of melatonin (0. 5 Ilg/g/day, 11lg/g/day and 21lg/g/day) were administered intramuscu-

larly on the lateral side of the dorsal fin to separate groups at 8 am (2 hours after "lights 

on") and 4 pm (2 hours before "lights off') everyday for 8 days during all the four 

phases. The fishes of control groups were injected with fish-saline only. Twenty-four 

hours after the last injection, the fishes were decapitated and blood samples from the 

post-caudal region were collected in numbered heparinised centrifuge tubes. The blood 

samples were centrifuged at 3000 rpm for 10 minutes to obtain plasma. The plasma 

samples were stored in the ice-chamber (-8°C to -10°C) of a refrigerator for measuring 

the thyroid hormones. The plasma levels of thyroid hormones (total T3 and total T4) were 

measured following the procedures described in detail in Chapter - 1. The data were 

analyzed statistically with the help of Student's '1' test and regression analysis (Snedecor, 

1961). A P < 0.05 was considered as significant. 
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The experimental protocol for the proposed study is given below: 

EXPERIMENTAL PROTOCOL 

Experi- Doses of Time of Photo- Ambient Time of Dura- Sam-

ments Melatonin Experiment period Water Injec- tion piing 

(~g/g Temperature tions Time 

body wt.) 

In vivo i) 0.5 i) Quiescent LD 12:12 5.5-23.0°C 8.00 am 8 days 8.00 am 

effects of ~g/g/day phase & & 

melatonin 4.00 pm 4.00 pm 

injections ii) 1.0 ii) Progressive - do- 12.0 - 23.5 ° C - do- - do-

on plasma ~g/g/day phase 

levels ofT4 

and T3 iii) 2.0 iii) Breeding - do- 16.6 - 24.8 ° C - do- - do-

~g/g/day phase 

iv) Regressive - do- 6.0- 22.5 ° C - do- - do-

phase 

RESULTS 

The data are presented in Tables 4:1,4:2,4:3 and 4:4; Figs. 4:1,4:2,4:3 and 4:4. 

DUling the· quiescent phase, there was no significant difference between the plasma T4 

levels of the morning and evening control groups. However, the plasma T 3 level was 

significantly higher in the evening control group as compared to that of the morning 

group. Morning injection of melatonin had no significant effect on plasma T4 levels, 

except in IIlg/g melatonin injected group in which plasma T4 levels were increased 

significantly. In the evening group, 21lg/g dose of melatonin induced significant 

119 



increase in plasma T 4 levels. However, unlike T 4, administration of melatonin during 

both morning and evening hour significantly suppressed T3 levels in a dose-dependent 

manner (Table 4:1). 

During the progressive phase, the T4 level was found to be significantly higher 

in the evening control group as compared to that of the morning group. However, there 

was no significant difference in the plasma levels of T 3 between the evening and 

morning control groups. Administration of 2)lglg during morning and 1 )lglg and 2)lglg 

dose of melatonin during evening significantly increased plasma T 4 levels. While 

administration of melatonin suppressed plasma T 3 level in a dose-dependent manner 

during morning, higher doses of melatonin (1 )lglg and 2)lglg) suppressed it when 

administered in the evening (T~ble 4:2). 

During the breeding phase, there was no significant difference in the plasma 

levels of both T4 and T3 in their respective morning and evening control groups. 

Administration of melatonin during morning had no significant effect on the plasma T 4 

levels. However, injection of 1 )lglglday and 2)lglglday doses of melatonin in the 

evening significantly increased the plasma T4levels. None of the melatonin doses had 

any significant effect on plasma T 3 levels in both morning and evening groups except 

when injected with O.S)lglg dose, which significantly increased the plasma T3 levels in 

the evening group (Table 4:3). 
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During the regressive phase, plasma levels of T4 and T3 were significantly 

higher in the evening control group as compared to their respective morning group. 

Administration of melatonin during morning and evening significantly increased the 

plasma T4 levels and suppressed the plasma levels of T3 both in the morning and 

evening groups in a dose-dependent manner (Table 4:4). 

Regression analysis of the data indicated a strong positive correlation between 

the doses of melatonin and the T4 plasma levels irrespective of the time of 

administration and phases (r = 0.72 to 0.99). However, irrespective of the time of 

administration and phases, a strong negative correlation was found between the doses 

of melatonin and the plasma T3levels (r = -0.95 to -0.74)" except in the evening group 

of the breeding phase, where the negative correlation was insignificant (Tables 4:1, 4:2, 

4:3 and 4:4). T3/T4 ratio was decreased during all the four phases following melatonin 

treatment in the morning (r = -0.95 to -0.85) as well as in the evening (r = -0.94 to -

0.58) groups (Tables 4: 1,4:2, 4:3 and 4:4). 

DISCUSSION 

There are several reports indicating inhibitory influence of melatonin on thyroid 

physiology of homeotherms. In mammals, increased melatonin levels following 

melatonin injection/implantation, blinding, or exposure to short-daylength invariably 

decreased, and pinealectomy or removal of superior cervical ganglia increased 

circulating levels of thyroid hormones (Vaughan et al., 1982; Vriend et al., 1982; 
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Vriend, 1984; Wajs and Lewiski, 1992; Ozturk et ai., 2000; Champney, 2001; Baltaci et 

ai., 2003, 2004). Similarly, melatonin administration decreased and pinealectomy 

increased thyroxine levels in birds (Sharp et ai., 1984; John et ai., 1990; Prakash et ai., 

1998). The present study might be the first of its kind in which effects of different doses 

of melatonin have been studied in a fish (poikilotherm) with special reference to time of 

administration and all phases of the breeding cycle. 

In the present study, the plasma levels of T4 increased following evernng 

injections of higher doses of melatonin in C. gariepinus during all the four phases. 

While melatonin treatment in the morning did not influence T 4 levels during the 

breeding phase, the. plasma levels of T 4 was increased during the regressive phase in a 

dose-dependent manner. In all the experiments, strong positive correlation (correlation 

coefficient: 0.72 to 0.99) was evident between the doses of melatonin and the plasma 

levels of T 4. During the breeding phase, melatonin had no significant effect on the 

plasma levels of T3 irrespective of the time of administration. However, during the 

quiescent, progressive and regressive phases, melatonin treatment suppressed the T 3 

plasma concentrations of the fish in a dose-dependent manner in both morning and 

evening groups. It is important to mention that significant negative correlation was 

observed between the doses of melatonin and plasma levels ofT3 in all groups except in 

the evening groups during breeding phase. The observed increase in T 4 levels following 

melatonin treatment might be either due to increase in TSH secretion or sensitivity of 

thyroid follicles to TSH (Grau et ai., 1985; Rom-Bugoslavskaia and Shcherbakova, 
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1985) and/or due to a direct thyrotropic action of melatonin. Alternatively, the increase 

in T4 concentrations in the fish blood may result due to melatonin-induced inhibition of 

5'-deiodinase - the enzyme responsible for accelerating peripheral deiodination of T 4 to 

T3. Melatonin treatment has been reported to decrease the activity of type-II thyroxine 

5'-deiodinase enzyme in mammals (Shchervakova and Rom-Bugoslavskaia, 1988; Puig­

Domingo et al., 1988). Therefore, there is a strong possibility that the recorded increase 

in the plasma levels of T4 and inhibition of T3 levels in this fish following melatonin 

administration resulted also due to inhibition of peripheral conversion of T4 to T3 

following inhibition of the 5'-deiodinase enzyme by melatonin. This suggestion is 

further supported by the dose-dependent inhibition of T3/T4 ratio in the fish plasma 

following melatonin treatment (Tables 4: 1, 4:2, 4:3 and 4:4). It has been reported that in 

rats melatonin administration during summer suppressed T 3 plasma level with a 

significant increase in T4 and TSH lev.els (Rom-Bugoslavskaia and Shcherbakova, 

1985). Further, exogenous melatonin as subcutaneous implants has also been reported 

to elevate plasma T 4 levels in mink, Mustela vison (Mustonen et al., 2000). An earlier 

report regarding decreased plasma levels of T4 and increased T3 levels following 

pinealectomy in another air-breathing fish Clarias batrachus during gonadal 

development and maturation phase (Nayak and Singh, 1987a) is in conformity with the 

present findings. Similar to melatonin, 5-methoxy-tryptamine (5-MT) has also been 

reported to inhibit thyroid hormone levels in an air-breathing fish, Clarias batrachus 

during pre-spawning period (Nayak and Singh, 1987b). 
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No significant difference was observed between the mornmg and evening 

plasma levels ofT3 and T4 during the breeding phase. Similarly, there was no significant 

difference between morning and evening groups in the levels of T 4 during quiescent 

phase, and also that of T 3 during the progressive phase. The plasma levels of T 4 in the 

evening groups were significantly higher than that of the respective morning groups 

during progressive and regressive phases. However, the evening plasma levels of T3 

were found to be significantly higher as compared to that of morning during the 

quiescent and regressive phases. The evening level of T 3 in the quiescent was also 

significantly higher than that of the evening values of the other three phases. Further, 

the evening level of T3 in the quiescent and regressive phases were also significantly 

higher than that of the evening values of the progressive and breeding phases. The 

observed increase in T 3 levels at evening during quiescent and regressive phases might 

be a response to the gradual increase in water temperature during the daytime, which 

might be helping, directly and/or indirectly, in maintaining the basal metabolic rate of 

the fish to ensure its survival at very low water temperature (6-80 C) during winter 

nights. T 3 has been found to potentiate the stimulatory effects of catecholamines on the 

respiratory rate of vital tissues of C. batrachus during winter (Lynshiang and Gupta, 

2000). 

Present findings indicate that, unli~e its inhibitory effects on both T3 and T4 in 

mammals, melatonin seems to exert a differential control over the levels of T 3 and T 4 in 

this fish. Stimulatory and inhibitory effects of melatonin on T4 and T3 seem to depend 
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on seasons, dose and the time of administration. There are several reports suggesting a 

major role of T 4 in regulation of growth, development, sexual maturation and 

reproduction, while T3 is primarily involved in metabolic regulation. Therefore, 

melatonin-induced inhibition of T3 might be of adaptive significance in lowering the 

metabolic rate as well as in conserving energy reserves. Melatonin-induced increase in 

T4 might be promoting growth and breeding related processes. Further, there is a 

possibility that low temperature and short photoperiod, which increase melatonin 

production in fish (Samejima et al., 2000), are involved in the regulation of circulating 

levels of thyroid hormones in the fish via a neuroendocrine mechanism involving the 

pineal organ and melatonin. 

Thyroid hormones exhibit annual variations in fishes (Bau and Parent, 2000; 

Pavlidis et al., 2000). The circannual rhythms of thyroid hormones in fish is regulated 

mainly by ambient temperature and photoperiod (Cyr et al., 1988, 1998). In addition to 

temperature and photoperiod, fish thyroid is also influenced by hormones such as 

gonadal steroids (Chakraborti and Bhattacharya, 1984; Bandyopadhyay et al., 1991; 

Pavlidis et al., 2000), glucocorticoids (Leaderland, 1987) and catecholamines (Eales et 

al., 1986). The present findings seem to suggest for the first time that thyroid hormone 

levels in a fish can also be influenced significantly by melatonin. Melatonin has been 

reported to inhibit the secretion of T4 under both in vivo and in vitro conditions in 

amphibian tadpoles and adults (Wright et al., 1997; Wright and Alves, 2001). Further, 

melatonin administration inhibited thyroid activity in. adult female turtle, Lissemys 
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punctata punctata (Sarkar et ai., 1997). Thus, the nature of the modulatory effects 

(stimulatory !inhibitory) of melatonin seems to vary in different groups of 

poikilotherms. 

The present findings taken together with the earlier reports suggest that 

melatonin plays an important role in the regulation of circulating levels of thyroid 

hormones in both homeotherms and poikilotherms. Since melatonin synthesis in fishes 

is influenced by both photoperiod (Zachmann et at., 1992; Randall et at., 1995; Pavlidis 

et at., 1999; Samejima et al., 2000; Bayarri et al., 2004b) and water temperature 

(Masuda et al., 2003), the climatic factors might be influencing thyroid function in fish 

species by altering melatonin production. It seems that the stimulatory and inhibitory 

effects of melatonin on T 4 and T 3 in Clarias gariepinus depend on seasons, dose and the 

time of administration. 
-------------------

The findings of the present study suggest that melatonin is involved in the 

regulation of thyroid activity and plasma levels of thyroid hormones, and exerts a 

differential control over the circulating levels of T3 and T4 in C. gariepinus. These 

findings also suggest a probability that the circadian and circannual rhythms of 

melatonin might be involved in shaping the circadian and circannual rhythms of plasma 

-------------------------------------
T 4 and T 3 levels. 
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Table 4:1- Time-dependent effects of melatonin on plasma levels of thyroid hormones 

during quiescent phase. 

Plasma levels of thyroid hormones 

Treatment T4 (ng/ml) T3 (ng/ml) T3/T4 

MORNING 

N N 

Control 6.05* ± l.14 5 1.86 ± 0.25n 5 0.30 

Melatonin (0.51lg/g/day) . 7.11 ± 1.40 ·6 0.72 ± 0.04 a 6 0.10 

Melatonin (lllg/g/day) 10.67 ± 0.06 a, C 5 OAO ± 0.05 b, d 5 0.03 

Melatonin (21lg/g/day) 9.35 ± 1.34 5 0.07 ± 0.01 b, e, g 5 0.007 

Correlation coefficient (r) 0.72 -0.88 -0.85 

EVENING 

Control 8.73±1.11 7 7.17 ± 0.82 7 0.82 

Melatonin (0.51lg/g/day) 11.72 ± 2.53 5 2.10 ± 0.31 b 5 0.17 

Melatonin (lllg/g/day) 12.10 ± 1.09 5 1.52 ± 0.31 b 5 0.12 

Melatonin (2Ilg/g/day) 16.07 ± 0.77 b,f 7 l.39 ± 0.13 b 7 0.08 

Correlation coefficient (r) 0.97 -0.74 -0.75 

*All values are expressed as mean ± standard error (S.,E); N = 5 - 7. 

a, b'Differ significantly from their respective control group: p < 0.01 and 0.001, 

respectively. 

c, d, e Differ significantly from their respective 0.51lg/g melatonin injected group: p < 

0.05, 0.01 and 0.001, respectively. 

f,g Differ significantly from their respective 11lg/g melatonin injected group: p < 0.02 

and 0.001, respectively. 

h Differs significantly from the T 3 evening control group of quiescent phase: p < 

0.001. 



Table 4:2- Time-dependent effects of melatonin on plasma levels of thyroid honnones 

during progressive phase. 

Plasma levels of thyroid honnones 

Treatment T4 (ng/ml) T3 (ng/ml) T3/T4 

MORNING 

N N 

Control 10.17±0.51*\ 6 1.83 ± 0.05 6 0.18 

Melatonin (0.51lg/g/day) 11.25 ± 0.70 5 1.18±0.06 b 5 0.10 

Melatonin (lllg/g/day) 12.25 ± 0.86 6 0.95 ± 0.05 b, d 6 0.07 

Melatonin (21lg/g/day) 18.50 ± 1.04 b, e, g 6 0.85 ± 0.06 b, c 6 0.04 

Correlation coefficient (r) 0.96 -0.85 -0.92 

EVENING 

Control 13.25 ± 0.49 6 1.95 ± 0.06 6 0.14 

Melatonin (0.51lg/g/day) 13.60 ± 0.58 6 1.88 ± 0.06 " 6 0.13 

Melatonin (lllg/g/day) 16.51 ± 0.39 a,d 7 1.29 ± 0.06 b, e 7 0.07 

Melatonin (21lg/g/day) 18.34± 0.71 b,e,f 6 0.98 ± 0.07 b, e, g 6 0.05 

Correlation coefficient (r) 0.96 -0.95 -0.94 

*All values are expres~ed as mean ± standard error (S. E); N = 5 - 7. 

a, b Differ significantly from their respective control group: p < 0.01 and 0.001, 

respectively. 

c, d, e Differ significantly from their respective 0.5Ilg/g melatonin injected group: p < 

0.02,0.01 and 0.001, respectively. 

f, g, h Differ significantly from their respective lllg/g melatonin injected group: p < 0.05, 

0.01 and 0.001, respectively. 

i Differs significantly from the T4 evening control group of progressive phase: p < 

0.001. 



Table 4:3- Time-dependent effects of melatonin on plasma levels ofthyroid hormones 

during breeding phase. 

Plasma levels of thyroid hormones 

Treatment T4 (ng/ml) T3 (ng/ml) T3/T4 

MORNING 

N N 

Control 19.71 ± 3.85* 5 1.72 ± 0.65 5 0.08 

Melatonin (0.5)lg/g/day) 24.50 ± 3.46 5 1.30 ± 0.36 5 0.05 

Melatonin (1/lg/g/day) 24.70 ± 2.70 5 0.81 ± 0.29 5 0.03 

Melatonin (2/lg/g/day) 26.87 ± 6.91 4 0.61 ± 0.14 4 0.02 

Correlation coefficient (r) 0.88 -0.94 -0.91 

EVENING 

Control 17.23 ± 1.44 4 1.02 ± 0.25 4 0.05 

Melatonin (0.5)lg/g/day) 18.96 ± 2.18 5 2.08 ± 0.33 b 5 0.10 

Melatonin (1)lg/g/day) 40.73 ± 5.14 a,e 5 0.94 ± 0.19 d 5 0.02 

Melatonin (2/lg/g/day) 40.65 ± 7.98 b, C 5 1.08 ± 0.25 c 5 0.02 

Correlation coefficient (r) 0.85 -0.24 -0.58 

* All values are expressed as mean ± standard e,rror (S. E); N = 4 - 5. 

a, b Differ significantly from their respective control group: p < 0.05 and 0.01, 

respectively. 

c, d, e Differ significantly from their respective 0.5 Ilg/g melatonin injected group: p < 

0.05,0.01 and 0.001, respectively. 



Table 4:4- Time-dependenteffects of melatonin on plasma levels ofthyroid hormones 

during regressive phase. 

Plasma levels of thyroid hormones 

Treatment T4 (ng/ml) T3 (ng/ml) T3/T4 

MORNING 

N N 

Control 4.86 ± 0.35* h 6 1.22 ± 0.06 I 6 0.25 

Melatonin (0.5~g/g/day) 6.68 ± 0.26 b 6 0.99 ± 0.05 a 6 0.14 

Melatonin (1~g/g/day) 8.86 ± 0.40 c, e S 0.80 ± 0.04 c, d 5 0.09 

Melatonin (2~g/g/day) 13.12 ± 0.48 c,f, g 6 0.39 ± 0.03 c, f, g 6 0.02 

Correlat-ion coefficient (r) 0.99 -0.99 -0.95 

EVENING 

Control 6.21 ± 0.40 6 1.61 ±0.05 6 0.26 

Melatonin (O.S~g/g/day) 10.36 ± 0.38 c 7 1.63 ± 0.03 7 O.1S 

Melatonin (1~g/g/day) 13.00 ± 0.37 c, f 7 0.66 ± 0.04 c, f 7 0.05 

Melatonin (2~g/g/day) 14.57 ± 0.55 c, f, g 6 0.33 ± 0.01 c, f, g 6 0.02 

Correlation coefficient (r) 0.92 -0.92 -0.91 

*AV values are expressed as mean ± standard error (S. E); ~ = S - 7. 

a, b, C Differ significantly from their respective control group: p < 0.02,0.01 and 0.001, 

respectively. 

d,e, f Differ significantly from their respective O.S).Lg/g melatonin injected group: p < 

0.02,0.01 and 0.001, respectively. 

g Differs significantly from their respective 1 ~g/g melatonin injected group: p < 

0.001. 

h, i Diff~r significantly from their respective evening control group of regressive 

phase: p < O.OS and 0.001, respectively. 
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Fig. 4:1- Time-dependent effects of melatonin on plasma levels of thyroid hormones 

during quiescent phase. 

All values are expressed as mean ± standard error (S. E); N = 5 - 7. 

a, b Differ significantly from their respective control group: p < 0.01 and 0.001, respectively. 

c, d, e Differ significantly from their respective 0.5Jlg/g melatonin injected group: p < 0.05, 

0.01 and 0.001, respectively. 

1; g Differ significantly from their respective 1Jlg/g melatonin injected group: p < 0.02 and 
0.001, respectively. 

h Differs significantly from the T 3 evening control group of quiescent phase: p < 0.001. 
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Fig. 4:2- Time-dependent effects of melatonin on plasma levels of thyroid hormones 

during progressive phase. 
All values are expressed as mean ± standard error (S. E); N = 5 - 7. 

a, b Differ significantly from their respective control group: p < 0.01 and 0.001, 

respectively. 

c, d, e Differ significantly from their respective 0.5~g1g melatonin injected group: p < 0.02, 

0.01 and 0.001, respectively. 

1; g, h Differ significantly from their respective 1~g1g melatonin injected group: p < 0.05, 

0.01 and 0.001, respectively. 

i Differs significantly from the T4 evening control group of progressive phase: p < 0.001. 
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Fig. 4:3- Time-dependent effects of melatonin on plasma levels of thyroid hormones 

during breeding phase. 

All values ate expressed as mean ± standard error (S. E); N = 4 - 5. 

a,b Differ significantly from their respective control group: p < 0.05 and 0.01, respectively. 

c,d, e Differ significantly from their respective 0.5~glg melatonin injected group: p < 0.05, 

0.01 and 0.001, respectively. 
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Fig. 4:4- Time~dependent effects of melatonin on plasma levels of thyroid hormones 

during regressive phase. 

All values are expressed as mean ± standard error (S. E); N = 5 - 7. 

a, b, C Differ significantly from their respective control group: p < 0.02,0.01 and 0.001, 

respectively. 

d, e, f Differ significantly from their respective O.5J.lg/g melatonin injected group: p < 0.02, 

0.01 and 0.001, respectively. 

g Differs significantly from their respective Illg/g melatonin injected group: p < 0.001. 

h, i Differ significantly from their respective evening control group of regressive phase: 

p < 0.05 and 0.001, respectively. 



CHAPTER-5 

Effects of thyroid hormones and propylthiouracil on the circadian 

rhythms in pineal arylalkylamine-N-acetyltransferase (AA-NAT) 

activity 

INTRODUCTION 

The effects of environmental factors on pineal and melatonin on mammals are 

media~ed via SCN (Zucker et al., 1983). The SC~ seems to use different 

neurotransmitters released at different times alonK lightdark cycle for each of the 

different connection types regulating different function~ (Buijs and Kalsbeek, 2001; 

Gillette and Mitchell, 2002; Kalsbeek and Buijs, 2002). In mammals, SCN regulates the 

circadian rhythms of pineal activity and melatonin synthesis (Vollrath, 1981; Perreau­

Lenz et a!., 2003, 2004; Gupta eJ a!., 2005). Further, SCN has also been reported to 

have dual control mechanism for thyroid activity in mammals by affecting 

neuroendocrine control of TSH release on the one hand and the autonomic input to the 

thyroid gland on the other (Kalsbeek et ai., 2000). Since SeN plays a critical role in 

regulation of circadian rhythms of activities of both pineal and thyroid, there is a 

possibility that SCN also determines the temporal relationship between the circadian 

rhythms of melatonin and thyroid hormones. Accordingly, pineal and the thyroid gland 

may influence activities of each other through their hormones (melatonin and thyroid 

hormones, respectively) directly or indirectly via the hypothalamus and/or SCN. 
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Melatonin has been reported to influence thyroid activity and thyroid hormones 

in mammals, birds, amphibian and fish. Levels of thyroid hormones are reportedly 

inhibited by melatonin administration and increased after pinealectomy in mammals 

(Vriend et al., 1982; Vaughan et al., 1982; Vriend, 1984; Vaughan and" Pruitt, 1985; 

Wajs and Lewiski, 1992; Ozturk et al., 2000) and birds (Sharp et ai., 1984; John et al., 

1990; Prakash et al., 1998). Pinealectomy in Clarias batrachus during develop-ment 

and maturation phase increased thyroid hormones (Nayak and Singh, 1987a). 

Depending on the phase of the breeding cycle and seasons, melatonin has been found to 

differentially affect T4 and T3 levels in Clarias gariepinus (Gupta and Premabati, 

2002a; Chapter - 4 of this thesis). 

There are several reports on effects of hypo- and hyper-thyroidism on circadian 

rhythm of melatonin and AA-NAT activity in mammals. Thyroxine has been reported 

to inhibit nighttime plasma melatonin level and AA-NAT activity in rats and Syrian 

hamsters (Champney et al., 1985). In cultured rat pineal, melatonin level was increased 

" during light phase and decreased during dark phase following treatment with T3 

suggesting a direct effect of T 3 on synthesis and release of melatonin in the rat pineal 

(Catal~ et al., 1988). In women, melatonin concentrations were found to be positively 

correlated with TSH levels in hypo-thyroidism, and negatively correlated with T 3 in 

hyper-thyroidism (Soszynski et ai:, 1988). It has been reported that hypo-thyroidism in 

rats increased melatonin levels in the pineal, hypothalamus and serum ;1t an early age 

(25 days), but in adults melatonin levels were lowered in the hypothalamus and serum 
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yet unaltered in the pineal (Catala et. al., 1987). The nocturnal increase of pineal 

melatonin has ~een reported to be phase-advanced in the hypothyroid group (Bauer et 

at., 1989). Injection of T 4 induced a decrease in plasma melatonin in Rana catasbeina 

(Wright and Alves, 2001). Further, it has been reported that T4 caused a reduction in 

nighttime plasma melatonin level in Atlantic salmon, Salmon salar (Kulczykowska et 

al., 2004). These reports clearly suggest that hypo- and hyper-thyroidism produce 

significant influence on AA-NAT activity and/or melatonin synthesis and release. 

In fish, thyroid hormones play a major role in the regulation of the oxidative 

metabolism (Peter and O~en, 1989; Gupta and Thapliyal, 1991), growth and 

development (Cyr et at., 1998; Power et aI., 2001), sexual maturation (Ueda et at., 

1984; Cyr et aI., 1998; Pavlidis et aI., 2000), breeding cycle (Volkoff et at.; 1999), 

migration (Ueda et aI., 1984; Matty, 1985a), electrolyte and water metabolism (Peter et 

aI., 2000) etc. Similarly, melatonin has also been reported to play a role in the 

regulation of glucose and ions, reproduction, feeding rhythm and locomotor activity in 

fish species (Pavlidis et at., 1999; Garcia-Allegue et at., 2001; Bayarri et aI., 2004a). 

Therefore, there is a possibility that thyroid hormones influence reproduction and 

metabolism directly as well as indirectly by influencing AA-NAT activity and 

melatonin synthesis via the hypothalamo-hypophyseal complex. Since melatonin affects 

plasma levels of thyroid hormones in Clarias gariepinus (Gupta and Premabati, 2002a; 

Chapter - 4 of this thesis), there is a possibility that a feedback mechanism exists 

between thyroid hormones and melatonin. The data presented in Chapter - 2 and 
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Chapter - 3 also suggest an inverse relation between thyroid honnones and AA-NAT 

activity. But there is practically no infonnation on the effects of hypo-thyroidism and 

hyper-thyroidism on the circadian rhythm of AA-NAT activity or melatonin synthesis 

in any· species of vertebrate in general and in the fish in particular. Therefore, it was 

thought worthwhile to investigate effects of hypo-thyroidism and hyper-thyroidism on 

the circadian rhythm of AA-NAT activity in the fish Clarias gariepinus during winter 

(quiescent phase) and summer seasons (breeding phase). 

MATERIALS AND METHODS 

All the experiments were conducted on male Clarias gariepinus (body weight: 

90-100g; body length: 23-27 cm) purchased from the local fish suppliers. Fishes were 

maintained in 100 liter aquaria and acclimatized before starting the experiment at least 

for 15 days 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). The experiments were conducted during winter 
, . 

(February; water temperature: 6.0° - 22.0° C under LD 12:12) and summer (August; water 

temperature: 16.0° - 24.2° C under LD 12:12) seasons. Thyroid honnones (L-T4 and L-

T3) were dissolved in few drops of 0.1 NaOH and diluted in fish saline. During both 

winter and summer seasons, the acclimatized fishes were divided into four groups of 32 

each. Group 1 was immersed in water and acted as control, while groups 2, 3 and 4 were 

immersed in water containing L-T3 (20 ~gll), L-T4 (20 ~gIl) and PTU (150 mgll), 

respectively under LD 12: 12 and ambient water temperature (lights "on" at 6.00 h; Lights 
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"off' at 18.00 h). The concentratins ofL-T4, L-T3 and PTU were selected on the basis of 

earlier studies (Cyr and Eales, 1986; Omeljaniuk and Eales, 1986; Matta et at., 2002). The 

fishes of all the groups were fed daily with minced earthworms and commercial fish food 

ad libitum, and water was changed everyday. The fishes were kept immersed in thyroid 

hormones (L-T~ and L-T 3) and PTU for 10 days. Then four fishes from each group were 

decapitated at8 time-points at an interval of 3 h over a 24 h period, and the pineals were 

rapidly removed and frozen in liquid nitrogen for the measurement of AA-NAT activity. 

In order to know the effects of immersion in water with the thyroid hormones and PTU on 

the circulating levels of thyroid hormones, blood samples were also collected from the 

fishes of the control and treated groups during summer for the measurement of thyroid 

hormones. AA-NAT activity and the plasma levels T4 and T3 were measured following 

the procedures described in details in the Chapter 1. The data were analyzed statistically 

with the help of Student's 't' test (Snedecor, 1961). Acro program based on least square 

fitting of single cosine function (Nelson, et at., 1979) was used for analyzing the circadian 

rhythm. A p < 0.05 was considered as significant. 
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The experimental protocol for the proposed study is given below: 

EXPERIMENTAL PROTOCOL 

Experiments Concentration Time of Photoperiod Ambient water Duration Sampling 

. Experiment Temperature Time 

Effects of i) L-T4: . i) Winter LD 12:12 6.0 - 22.00 C 10 days 8 - time 

immersion in 20 Ilg/ I (February) points at 

L-T4, L-T3 and ii) L-T3: an interval 

PTU solution 20 Ilg/ 1 ii) Summer - do- 16.0 - 24.20 C -do - of3 hours 

on circadian iii)PTU: (August) over a 24 h 

rhythms in 150mg/l period 

pineal AA-

NAT activity 

RESULTS 

The data are presented in Tables 5:1, 5:2, 5:3A, 5:3B, 5:4A and 5:4B; Figs. 5:1 

and 5:2. Plasma T4 and T3 levels were significantly increased following immersion of 

the fishes in water containing L-T4 and L-T3, respectively at all the eight time points 

over the 24 h time scale during summer. Depending on the time point of the 24 h scale, 

immersion of the fishes in water containing PTU resulted in 14 to 24% and 10 to 16% 

decrease in the plasma levels of L-T4 and L-T3, respectively. Further, PTU treatment 

marginally increased the T3/T4 ratio. 

Fish pineal AA-NAT activity exhibited prominent circadian rhythm in all the 

groups irrespective of the treatment during both winter and summer seasons. AA-NAT 

activity was always found to be at basal level during the light phase, increased after the 
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lights "off' and remained high during the dark phase irrespective of the treaments and 

seasons. In all the groups during both winter and summer seasons, pineal AA-NAT 

activity decreased after lights "on" at 6.00 h. The patterns of diurnal increase and 

decrease in pineal AA-NAT activity were different under different treatments and 

seasons. Depending on the treatment and seasons, the pineal AA-NAT activity 

increased slowly or rapidly reaching to a high level at early-, mid-, or late-dark phase. 

The average of pineal AA-NAT activity was found to be significantly high 

during the dark phase than that of the light phase in the treated as well as in control 

groups irrespective of seasons (Table 5:3A). During both winter and summer seasons, 

as compared to the control group, L-T4 treatment had no significant effect on the 

average AA-NAT activity during both light and dark phases. However, L-T3 treatment 

significantly decreased the average AA-NAT activity in both light and dark phases. 

During winter season, PTU treatments significantly decreased the average AA-NAT 

activity in both light phase and dark phases. However, during summer seasons, PTU 

had no significant effect on the average pineal AA-NAT activity during the light phase, 

but it significantly decreased the enzyme activity during the dark phase. 

The results of acro analysis of the data are presented in Table 5:3B. During both 

winter and summer seasons, the mesor (24 h average) of the circadian rhythm of AA­

NAT activity was significantly decreased in the pineal of the fishes immersed in water 

containing L-T 3 and PTU, while immersion in water containing L-T 4 had no significant 
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effect on the mesor of the AA-NAT activity rhythm. During both summer and winter 

seasons, the mesor of the AA-NAT activity rhythm decreased significantly following 

immersion in PTU containing water (Table 5:3A). 

The amplitude of the pineal AA-NAT activity circadian rhythm was decreased 

significantly following immersion in water containing L-T4, L-T3 or PTU as compared 

to the control group irrespective of seasons. However, immersion in water containing L­

T4 was more effective in reducing the amplitude of AA-NAT activity rhythm as 

compared to immersion iri water with L-T3 and PTU during winter. Unlike L-T4, PTU 

treatment was more effective during the summer season in reducing the amplitude of 

AA-NAT activity rhythm as compared to that ofthe L-T3 and L-T4 treated groups. 

Irrespective of seasons and treatments, the acrophase of pineal AA-NAT activity 

circadian rhythm occurred at 23.00 h except in L-T4 group during winter and PTU 

treated group during summer, when the acrophase was advanced by 3 hours and 

occurred at 20.00 h. 

DISCUSSION 

Present findings clearly indicate that plasma T4 and T3 levels were 

significantly increased following immersion of the fishes in water containing the 

respective thyroid hormones, and were decreased following by immersion in water with 

PTU. There are several reports which suggest that hypo- and/or hyper-thyroidism 
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produce significant effects on AA-NAT activity or melatonin levels in pineals of human 

and other mammals (Champney et ai., 1985; Catala et ai., 1987, 1988; Soszynski et ai., 

1988; Bauer et al., 1989; Mazzoccoli et al., 2004), frogs (Wright and Alves, 2001), and 

fishes (Ku1czykowska et al., 2004). However, there is practically no information on 

effects of thyroid hormones on the circadian rhythms of AA-NAT activity with special 

. refere~ce to seasons in any vertebrates in general, and in any fish species in particular. 

To the best of our knowledge, present study seems be the first of its kind in which the 

effects of both hypo- and hyper-thyroidism on the circadian rhythm of pineal AA-NAT 

activity have been studied in a fish during winter and summer seasons. 

In the present study, levels of AA-NAT activity exhibited prominent circadian 

rhythms in all the groups (Tables 5:1 and 5:2, Figs. 5:1 and 5:2) suggesting that the 

circadian oscillator of AA-NAT activity in the fish pineal is not influenced by hyper­

and hypo-thyroid conditions. Irrespective of the seasons, immersion in L-T4 had no 

significant effect on average AA-NAT activity during both light and dark phases 

separately as well as on the 24 h average of the enzyme activity, while immersion in L­

T3 significantly decreased the average AA-NAT activity during both light and dark 

phases separately as well as the 24 h average of AA-NAT activity. These findings seem 

to suggest that while increased T4 levels do not affect AA-NAT activity, increased T3 

concentrations produce inhibitory effect on AA-NAT activity in the fish pineal. 
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The enzyme deiodinase II (DII), which converts T4 to T3, is expressed in 

mammalian pineal (Osuna et at., 1993a; Murakami et at., 1997; Engel et at., 2005) and 

its expression is under adrenergic control (Guerrero et at., 1988a,b; Osuna et at., 

1993b). In rat pineal, DII activity has been reported to increase during mid night 

(Murakami et at., 1997). Whether mid-night increase in DII activity and resultant 

increased conversion of T4 to T3 plays any role in decreasing AA-NAT activity and 

melatonin synthesis in rat pineal during the second half of the dark phase remains to be 

investigated. Hyper-thyroidism in rat did not alter DII activity in either the pineal gland 

or Harderian gland (Osuna et at., 1993a) suggesting that hyper-thyroidism does not 

influence the conversion ofT4 to T3. In the present study also, L-T4 immersion-induced 

increase in plasma T4 did not increase plasma T3 levels (5:4A and 5:4B). 

Though the circadian rhythms of AA-NAT and melatonin synthesis do not 

depend on the cyclic production of T3 in the rat pineal, mid-night increase in DII 

activity and T3 may playa role in the regulation of characteristics of the rhythms 
, 

(Guerrero and Reiter, 1992). On the similar line, in the present study, immersion-

induced increase in T3 had no effect on the circadian rhythm of AA-NAT activity, but 

significantly decreased the mesor (24 h average) and amplitude of the rhythm. Unlike 

mammalian pinealocytes, in the fish pineal photoreceptor cells, which contain 

photodetector, oscillator as well as the melatonin synthesis mechinery, T3 may play 

comparatively a different role in the regulation of the AA-NAT activity by its direct 

action on the AA-NAT activity of photoreceptor cells via thyroid hormone receptors 
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(Ng et ai., 2001; Baas et ai., 2002). It has been reported that T3, but not T4, stimulates 

chick myofibrillar proteolysis by stimulating proteasome activity (Nakashima et ai., 

1998; Doi et ai., 2003). Further, T3 has been reported to inactivate the deiodinase II 

(DII) enzyme by stimulating proteasomal proteolysis in cerebral cortex and pituitary 

cells (Germain, 1988; Steinsapir et ai., 1998, 2000). Stimulation of proteasomal 

proteolysis has been reported to inhibit AA-NAT activity in the pineal and/or retina of 

mammals (Gastel et ai., 1998; Stehle et ai., 2001; Gupta et ai., 2005), birds (Zatz et ai., 

2000; Natesan et ai., 2002) and fishes (I<roeber et ai., 2000; Falcon et ai., 2001). Since 

T3 stimulates proteasome activity, the observed decrease in AA-NAT activity seems to 

be a result ofT3-induced increased proteasomal proteolysis of AA-NAT protein in the 

fish pineal. However, this possibility needs to be experimentally established. 

In rats, T3 treatment has been reported to increase oxidative capacity and lipid 

peroxidase activity in liver and heart (Venditti et ai., 1997, 1999) as well as the 

susceptibility to oxidative stress, and to decrease antioxidant levels (Venditti et ai., 

1999). Further, recent findings suggest that antioxidant defence parameters of adult rat 

brain are considerably influenced by thyroid states of the body, and T3 treatment 

significantly increases the oxidative stress parameters in mitochondrial fraction of 

cerebral cortex (Das and Chainy, 2004). It has been reported that the formation and 

cleavage of the disulfide bond between Cys6\ and Cys177 of the AA-NAT protein act as 

a switch and produce the active and inactive states of AA-NAT. Further, it has been 

found that oxidative stress affects AA-NAT activity in vivo through the formation and 
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cleavage of the disulfide bond between Cys61 and Cys l77 (Tsuboi et al., 2002). 

Therefore, it remains to be investigated whether the observed inhibition of AA-NAT 

activity in the fish pineal is a result of inhibitory effect of L-T 3-induced oxidative stress 

on AA-NAT molecule via the formation and cleavage of the disulfide bond. 

Thyroid hormone receptors have been reported to be expressed in the 

mammalian retinal cells (Ng et at., 2001; Bass et at., 2002), which possess indigenous 

oscillator and produce melatonin in a rhythmic fashion (Herzog and Block, 1999; Tosini 

and Fukuhara, 2002). T3 signaling has been found to be essential in vivo to promote 

complete differentiation of oligodendrocyte precursor cells (Bass et at., 2002). Further, 

thyroid hormone receptors ~2 (TR~2) are also essential for the differentiation of short 

(,blue') and medium ('green') cone photoreceptors (Ng et al., 2001). The deletion of 

thyroid hormone receptor ~2 gene leads to selective loss of M-cones and concomitant 

increase in S-cones. It has also been reported that combinations of T 3 and 9-cis retinoic 

acid cause isolated progenitor cell to differentiate as either rods or cones, depending on 

the relative concentration of the ligands (Kelley et at., 1995). These findings suggest 

that T 3 plays a critical role in the differentiation of the photoreceptor cells. The 

photoreceptor cells of the fish pineal resemble to retinal cone cells (Gupta and 

Premabati, 2002b). Since S-cones and M-cones are also found in the pineal and retina of 

several teleosts (Meissl and Ekstrom, 1988; Kusmic et at., 1993; Forsell et at., 2001), T3 

may playa functional role in the regulation of photo pigments and AA-NAT activity in 

the fish pineal as found in the present study. 
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Similar to the effect ofT), PTU treatment also significantly decreased the mesor 

(24 h average) of the fish pineal AA-NAT activity rhythm during both the seasons 

(Table 5:3A). In the male Syrian hamster, AA-NAT activity was reduced by 

methimazole-induced hypo-thyroidism in the Harderian gland (Buzzel et aI., 1989). 

Further, hypo-thyroidism was found to enhance the nocturnal increase in deiodinase II 

activity in both pineal and Harderian gland in rats, while hyper-thyroidism had no effect 

on DII activity (Osuna et aI., 1993a). Findings of the present study indicate that PTU 

treatment increased the 24 h average T3/T4 ratio marginally (Tables 5:4A and 5:4B) 

suggesting increased conversion'ofT4 to T) probably due to PTU-induced increased DII 

activity as mentioned earlier in rats (Osuna et al., 1993a). Theses findings when taken 

together with the inhibitory effect of T) on AA-NAT activity seem to suggest that the 

observed decrease in fish AA-NAT activity by PTU-induced hypo-thyroidism might be 

due to increased T3 concentrations following increased DII activity, and T3 might be 

finally inhibiting AA-NAT activity by increasing proteasomal proteolysis and/or by 

increasing oxidative stress leading to inactivation of AA-NAT via the disulfide bond 

switch. 

Immersion in L-T), L-T 4 or PTU solution decreased the amplitudes of the 

circadian pineal AA-NAT activity rhythms significantly irrespective of seasons. L-T4 

and L-T) were comparatively were more effective in inhibiting the amplitude during 

winter and summer, respectively. As compared to L-T3, PTU was found to be more 

effective in inhibiting the amplitude of the AA-NAT activity rhythm during both the 
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seasons, while it was more effective than L-T4 only during summer (Table 5:3B). It, 

thus, seems that both hypo- and hyper-thyroidism adversely affect the amplitude of the 

AA-NAT activity circadian rhythm, their degree of effectiveness seems to be influenced 

by the seas~ns. 

Unlike the mesor and amplitude of the AA-NAT rhythm, the acrophase of pineal 

AA-NAT activity circadian rhythm occurred at 23.00 h irrespective of seasons and 

treatments except in L-T 4 group during winter and PTU treated group during suriuner, 

when the acrophase was advanced by 3 hours and occurred at 20.00 h. The season-

dependent differential effects of the treatments on the mesor (24 h average) and 

amplitude but not on the acrophase of the AA-NAT rhythm seem to suggest that hypo-

and hyper-thyroidism have significant effect on the melatonin synthesizing machinery, 

and the biological clock (oscillator) that regulates melatonin synthesis in the pineal 

photoreceptor cells is not influenced by the circulating levels of thyroid hormones in the 

fish, Clarias gariepinus. The optimum plasma levels of thyroid hormones seem to be 
• r--__________ -'-, __ _ 

essential for the normal circadian rhythm of AA-NAT activity, and both hypo- and-. 
hyper-thyroidism affect the mesor and amplitude of the AA-NAT rhythm adversely. 
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Table 5:1- Effects of thyroid honnones and propylthiouracil (PTU) on circadian rhythm 

in pineal arylalkylamine-N-acetyltransferase (AA-NAT) activity during 

winter season. 

Time Water Arylalkylamine-N-acetyltransferase activity (nrnol/pineallhour) 

(h) tempe- Control L- T4 L- T3 PTU 
rature 
(0 C) 

6.00 8.0 3.17±0.21* 2.79 ± 0.26 g 2.17 ± 0.29 f 2.45 ± 0.27 e 

9.00 10.0 2.73 ± 0.23 f 2.98 ± 0.23 f 1.74 ± 0.21 g 1.82 ± 0.21 g 

12.00 12.2 2.56 ± 0.20 g 3.34 ± 0.24 f 1.95 ± 0.26 g 2.38 ± 0.24 f 

15.00 20.5 3.32 ± 0.22 ~,f, h 3.18 ± 0.23 f 2.50 ± 0.29 f 2.09 ± 0.22 g 

18.00 13.4 4.54 ± 0.24 b, k 5.10±0.31 c,k 2.91 ± 0.28 f, i 3.36±0.17 c,e,j 

21.00 12.6 5.12 ± 0.35 a ,k 5.33 ± 0.37 k 3.30 ± 0.33 g,j 4.63 ± 0.35 b, k 

24.00 8.2 5.81 ± 0.35 k 4.33 ± 0.36 i 4.65 ± 0.31 a,k 4.07 ± 0.24 k 

3.00 5.4 5.43 ± 0.27 k 3.47 ± 0.39 e 2.74±0.23 c,f,i 2.44 ± 0.16 c, f 

6.00 8.0 3.17 ± 0.21 2.79 ± 0.26 2.17 ± 0.29 2.45 ± 0.27 

* All the 'values are expressed °asmeari ± standard error (S. E); N== 4: 

a, b, c Differ from the preceding group of the respective group, p < 0.05, 0.02 and 0.01, 

respectively. 

e, f, g Differ from the maximum value of the respective group, p < 0.02, 0.01 and 0.001, 

respectively. 

h,i,j, k Diff~rfrom the~~x.iJ:ll~ v~lue ofthe~~spective group, p < 0.05, 0~~7, 0.01 and 0'_ • _,_0 • 

0.001, respectively. 



Table 5:2- Effects of thyroid hormones and propylthiouracil (PTU) on circadian rhythm 

in pineal arylalkylamine-N-acetyltransferase (AA-NAT) activity during 

summer season. 

Time Water Arylalkylamine-N-acetyItransferase activity (nmol/pineallhour) 

(h) tempe- Control L- T4 L- T3 PTU 
rature 
eC) 

6.00 19.2 3.27 ± 0.34* f,j 2.29 ± 0.24 g 1.52 ± 0.20 f 1.93 ± 0.24 f 

9.00 20.4 1.64 ± 0.12 c, g 2.53 ± 0.20 g 1.83 ± 0.27 f 2.07 ± 0.21 f 

12.00 23.2 2.02 ± 0.28 g 2.07 ± 0.28 g 1.32 ± 0.28 f 1.94 ± 0.25 f 

15.00 24.5 2.90 ± 0.21 f,j 2.60 ± 0.24 f 2.01 ± 0.21 f 2.25 ± 0.20 f 

18.00 . 23.4 3.33 ± 0.35 f,j 3.82 ± 0.22 b,d,j 2.27 ± 0.26 e 3.52 ± 0.28 b,j 

21.00 22.6 4.71 ± 0.30 a, k 4.85 ± 0.27 a, k 3.89 ± 0.38 b,j 4.37 ± 0.39 j 

24.00 20.2 5.22 ± 0.32 k 5.04 ± 0.35 k 3.62 ± 0.31 j 3.31 ± 0.27 h 

3.00 18.5 4.50 ± 0.38 k 3.56±0.31 a,d,i 2.02 ± 0.26 c, f 2.35 ± 0.28 

6.00 19.2 3.27 ± 0.34 2.29 ± 0.24 b 1.52 ± 0.20 1.93 ± 0.24 

* All values are expressed as mean ± standard error (S. E); (N = 4): 

a, b, c Differ from the preceding group of the respective group: p < 0.05, 0.02 and 0.01, 

respectively. 

d, e, f, g Differ from the maximum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 

h, i,j, k Differ from the maximum value of the respective group: p < 0.05, 0.02, 0.01 and 

0.001, respectively. 



Table 5:3A- Effects of thyroid honnones and propylthiouracil on pineal aryl alkyl amine­

N-acetyltransferase (AA-NAT) activity in light and dark phases during 

winter and summer seasons. 

Aylalkylamine-N-acetyltransferase (runol/pineallhour) 

WINTER 

Treatment Light phase (L) Dark phase (D) LD 

Control 2.94 ± 0.13* 5.23 ± 0.19 4.09 ± 0.23 

T4 3.07 ± 0.13 4.56 ± 0.36 b .3.75±0.17 

T3 2.09 ± 0.15 d 3.40 ± 0.23 d 2.75 ± 0.18 d 

PTU 2.19 ±0.13 d 3.63 ± 0.23 d 2.91 ± 0.18 d 

SUMMER 

Control 2.46 ± 0.20 4.44 ± 0.24 3.45 ± 0.23 

T4 2.37 ± 0.13 4.32 ± 0.22 3.30 ± 0.21 

T3 1.67 ± 0.14 c 2.95 ± 0.25 d 2.31 ± 0.18 d 

PTU 2.14 ± 0.11 3.39 ± 0.24 c 2.76±0.17a 

* All the values are expressed as mean ± standard error (S. E). 

Light phase: N ~ 16; Dark phase: N = 16; Light and Dark phases: N = 32 .. 

a, b,c,dDiffer from the respective control value,p< 0.05, 0.02, 0.01, and 0.001 

respectively. 

.'. J. 



Table 5:3B- Effects of thyroid hormones and propylthiouracil on the mesor (24 h 

average), amplitude and acrophase of pineal AA-NAT activity circadian 

rhythms during winter and summer seasons. 

WINTER 

Treatment Mesor (24 h average) Amplitude Acrophase (h) 

(nmollpineallhour) (nmollpineallhour) 

Control 4.09 ± 0.23* 1.62 23 

L-T4 3.75 ± 0.17. 1.26 20 

L-T3 2.75 ± 0.18 b 1.45 23 

PTU 2.91 ± 0.18 b 1.40 23 

SUMMER 

Treatment· Mesor (24 h average) Amplitude Acrophase (h) 

(nmo lIpineallhour) (nmo lIpineallhour) 

control 3.45 ± 0.23 1.78 23 

L-T4 3.35 ± 0.21 1.48 23 

L-T3 2.31 ± 0.18 b 1.28 23 

PTU 2.76±0.17a 1.22 20 

*Mesor values are expressed as Mean ± standard error (S. E); N = 32. , 

a, b Differ significantly from 

respecti vel y. 

the respective control group: p < 0.05 and 0.001, 
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Table 5:4A- Effects of L- T 4, L- T 3 and PTU on circadian rhythm in plasma levels of T 4 

under LD 12:12 at ambient water temperature during summer season. 

Time Water Plasma levels ofT4 (ng/ml) 
(hour) tempe- Control L- T4 L- T3 PTU % 

rature immersed immersed immersed . decrease 
(0 C) grou grou grou byPTU 

6.00 19.2 14.50 ± 0.63* 25.12 ± 0.59 c 15.35 ± 0.81 12.50 ± 0.63 13.79 

9.00 20.4 18.25± 0.67 28.62 ± 1.05 c 14.37 ± 0.48 b 14.12 ± 0.79 22.63 

i2.00 23.2 18.37 ± 0.77 30.62 ± 1.05 c 16.12±0.83 15.32 ± 0.85 a 16.60 

15.00 24.5 16.52 ± 0.81 29.12 ± 0.83 c 15.62 ± 0.71 14.85 ± 0.71 14.95 

18.00 23.4 14.35 ± 0.7 28.50 ± 1.14 c 14.50 ± 0.84 13.87 ± 0.84 16.15 

21.00 22.6 11.62 ± 1.16 25.12 ± 1.20 c 11.87± 1.12 13.54± 1.12 23.80 

24.00 20.2 13.12± 1.00 27.25 ± 0.71 c 13.37 ± 0.77 12.87 ± 0.71 21.72 

3.00 18.5 13.00 ± 1.23 26.12 ± 1.03 c 13.25 ± 1.39 11.32 ± 1.39 20.61 

6.00 19.2 14.50 ± 0.63 25.12±0.59 c 15.35 ± 0.81 12.5 ± 0.63 13.79 

* All the values are expressed as Mean ± standard; (S. E); N = 4 . 

• a, b, C Differ ~ignificant1y from the respective control group: p < 0.05, 0.01, 0.001, 

respectively. 



Table 5:4B- Effects ofL- T4, L- T3 and PTU on circadian rhythm in plasma levels ofT) 

under LD 12:12 at ambient water temperature during summer season. 

Time Water Plasma levels ofT) (ng/ml) 

(hour) tempe- Control L- T4 L- T3 PTU % 
rature immersed immersed immersed decrease 
(0 C) grou grou grou byPTU 

6.00 19.2 0.85 ± 0.03* 1.04 ± 0.08 2.26 ± 0.22 c 0.76 ± 0.07 10.58 

9.00 20.4 1.21±0.11 1.13 ± 0.03 2.35 ± 0.16 c 1.05 ± 0.08 13.22 

12.00 23.2 1.21±0.15 0.99 ± 0.06 .. 2.40 ± O~24 b 1.02 ± 0.1 15.70 

15.00 24.5 1.19±0.06 0.99 ± 0.07 1.66 ± 0.14 a 1.05 ± 0.09 11.76 

18.00 23.4 1.24 ± 0.03 1.12±0.04 1.72±0.lb 1.11 ± 0.04 a 10.48 

21.00 22.6 1.11 ± 0.05 0.98 ± 0.04 1.84 ± 0.07 c 0.85 ± 0.05 b 16.21 

24.00 20.2 0.76 ± 0.03 0.81 ± 0.04 1.79 ± 0.05 c 0.74 ± 0.05 15.78 

3.00 18.5 0.98 ± 0.11 0.99 ± 0.08 1.705 ± 0.05 c 0.99 ± 0.05 10.20 

6.00 19.2 0.85 ± 0.03 1.04 ± 0.08 2.26 ± 0.22 c 0.76 ± 0.07 1 10.58 

* All the values are expressed as Mean ± standard; (S. E); N = 4. 

a, b, c Differ significantly from the respective control group: p < 0.05, 0.01, 0.001, 

respecti vel y. 
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Fig. 5: 1- Effects of L- T 4' L- T 3 and propylthiouracil (PTU) on circadian rhythm in 

pineal AA-N-acetyltransferase (AA-NAT) activity during winter season. 

All values are expressed as mean ± standard error (S. E); N = 4. 

a, b, C Differ significantly from the preceding value of the respective group: p < 0.05,0.02, 

and 0.01, respectively. 

e, 1: g Differ significantly from the maximum value of the respective group: p < 0.02,0.01, 

and 0.001, respectively. 

h, i,j, k Differ significantly from the minimum value of the respective group: p < 0.05,0.02, 

0.01, and 0.001, respectively. 
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Fig. 5:2- Effects of L- T 4' L- T 3 and propylthiouracil (PTU) on circadian rhythm in 

pineal AA-N-acetyltransferase (AA-NAT) activity during summer season. 

All values are expressed as mean ± standard error (S. E); N = 4. 

a, b, C Differ significantly from the preceding value of the respective group: p < 0.05, 

0.02,0.01, respectively. 

d, e, f; g Differ significantly from the maximum value of the respective group:p < 0.05, 

0.02,0.01, and 0.001, respectively. 

h, i,j, k Differ significantly from the minimum value of the respective group: p < 0.05, 

0.02,0.01, and 0.001, respectively. 



CHAPTER-6 

Summary and Conclusions 

Melatonin and thyroid honnones playa major role in regulation of a wide range 

of physiological processes as well as the gonadal cycles of fishes. But so far no attempt 

has been made to investigate the interrelationship between pineal and thyroid in any fish 

species with special reference to annual gonadal cycles, seasons, photoperiod and 

temperature. Therefore, keeping in view the scarcity of infonnation and importance of 

melatonin, thyroid honnones, temperature and photoperiod in the fish physiology, a 

comprehensive study was undertaken to explore the nature of interrelationship between 

the thyroid and the pineal in an air-breathing fish, Clarias gariepinus. Clarias 

gariepinus is a fish commonly found all over India and other tropical countries. At 

Shillong, gonadal activity of the fish remains minimum (quiescent) during the months of 

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

(progressive phase). Breeding occurs from June to August ,(breeding phase) and gonads 

undergo regression during the months of November and December (regression phase). 

For this dissertation, all experiments were conducted on adult male Clarias 

gariepinus (body weight: 90-100g; body length: 23-27 cm) purchased from the local fish 

suppliers. Before starting any experiment, fishes were maintained in clear plastic tubs and 

acclimatized at least for 15 days in the laboratory under natural climatic conditions at 

Shillong (Latitude 25°.30' N, Longitude 91 °.52' E; Altitude 1450 ASL; Minimum water 
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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 everyday to avoid infections. 

The present Ph. D dissertation has been divided into SIX 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 animals, experimental 

conditions, methods for maintaining the fishes, RIA of thyroid hormones, radio-enzyme 

assay of pineal arylalkylamine-N-acetyltransferase (AA-NAT) activity, biostatistical 

methods and acro analysis. 

Chapter - 2: Studies on the interrelationship between circadian rhythms in 

plasma levels of thyroid hormones (T 4 and T 3) and pineal 

arylalkylamine-N-acetyltransferase (AA-NAT) activity 

This chapter deals with the study of circadian rhythms in the plasma levels 

ofthyroid hormones (T4 and T3) and pineal AA-NAT activity in the fish maintained 

under natural climatic conditions during quiescent, progressive, breeding and 

regressive phases of the annual breeding cycle. The present study, to the best of our 

knowledge, seems to be the first of its kind in which the interrelationship between 

142 



the circadian rhythms of thyroid honnones and pineal AA-NAT activity have been 

studied in a fish maintained under natural day length and temperature during all the 

four phases of the breeding cycle. The summary of major findings and conclusions 

based on the experiments included in this chapter are mentioned below: 

1. Prominent circadian rhythms in the plasma levels of thyroid hormones (T4 and T3) 

were observed during all the four phases of the breeding cycle. 

2. Levels of plasma T4 were found to be higher than those ofTJ during all the phases. 

3. Plasma levels of the thyroid hormones were found to be elevated during the daytime 

in all the four phases. Further, the levels of thyroid hormones were significantly 

higher during progressive and breeding phases than that during the regressive and 

the quiescent phases. 

4. Regression analysis of the data revealed a positive correlation between water 

temperature and plasma levels of thyroid hormones (T J and T 4) during all phases of 

the breeding cycle. 

5. TJ/T4 ratio was found to be comparatively higher during the regressive and the 

quiescent phases (pre-winter and winter months) than that during the progressive 

and the breeding phases. 

6. Irrespective of the phase of the breeding cycle, the maximum TJ/T4 ratio was 

invariably recorded during midnight/early morning. 

7. A temporal shift in the T3/T4 ratio was observed during the dark phase in different 

phase of the cycle. 
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8. The mesor (24 h average) of T4 and T3 circadian rhythms increased significantly 

during progressive and breeding phases (summer/rainy season) as compared to 

regressive and quiescent phases (pre-winter and winter months). 

9. The amplitude ofT4 circadian rhythm was, depending on the phase/season, six to 21-

folds higher than that of the T3 rhythm. 

10. The temporal difference between the amplitudes ofT4 and T3 rhythms was found to 

be minimum during the quiescent phase (6 folds), increased during the progressive 

phase (9 folds) and breeding phase (13 folds), and became maximum during the 

regressive phase (21 folds). 

11. The acrophase of the circadian rhythm of thyroid hormones was always recorded 

during the day-time. 

12. AA-NAT activity was found to be the minimum during the daytime and increased 

by several folds during the night. 

13. The mesor (24 h average) of the AA-NAT activity rhythm was significantly.higher 

during the regressive and the quiescent phases than that of the breeding phase. 

14. The amplitude of the AA-NAT rhythm was found to be maximum during the 

quiescent phase, which declined during the progressive phase, reached to a 

minimum during the breeding phase and then increased during the regressive phase. 

15: The acrophase of the AA-NAT circadian rhythm always occurred around the mid­

night. 

16. Unlike the amplitude, the acrophase of the thyroid hormones (T3 and T4) and pineal 

AA-NAT activity rhythms remained more or less constant. 
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17. In contrast to thyroid hormones, a negative correlation was found between AA-NAT 

activity and water temperature irrespective of phase of the breeding cycle. 

18. A significant negative correlation exists between the plasma levels of thyroid 

hormones (T3 and T4) and the pineal AA-NAT activit yin Clarias gariepinus. 

On the basis of the above findings, we conclude that: 

i). The secretion ofT4 is dominant over T3 secretion in this species. 

ii). The elevated levels of the thyroid hormones during the daytime as well as during 

progressive and breeding phases seem to be associated with increased water 

temperature. This assumption is supported by a positive correlation between 

temperature and thyroid hormones. 

iii). Low water temperature favors increased peripheral conversion of T4 to T3 leading 

to higher T3/T4 ratio, which seems to help the fish in maintaining metabolic rate at 

low temperature. 

iv). The recorded shift in the maximum and the minimum T3/T4 ratio over the circadian 

scale can playa role in shaping the annual breeding cycle and/or reflects shifts in 

energy requirements in relation to activity ofthe fish. 

v). The high T3/T4 ratio recorded at night during all the phases seems to be directly 

correlated with the increased activity of the fish during the nighttime. 

vi). The synthesis and release of the thyroid hormones is increased during the 

summer/rainy seasons and decreased during the pre-winter and winter months. 
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vii). The high levels of both T3 and T4 during reproductively active seasons seem to be 

associated with increased breeding activity and energy metabolism of the fish, 

Clarias gariepinus. 

viii). The minimum and the maximum amplitude of the T4 rhythm during quiescent 

(winter) and breeding (summer/rainy season) phases respectively seem to be 

directly related to the feeding status of the fish. 

ix). The increased melatonin synthesis during the regressive and the quiescent phases 

(as indicated by the mesor of AA-NAT) seems to be responsible for the 

suppression of the testicular activity, while decrease in melatonin synthesis 

during the progressive phase (as indicated by the mesor of AA-NAT) allows the 

activation of the hypothalamo-hypophyseal-testicular axis. 

x). The phase-dependent changes in the amplitude of the AA-NAT rhythm seem to be 

closely associated with the testicular cycle of the fish. While higher amplitudes of 

the rhythm seem to suppress the testicular activity, lower amplitudes of AA-NAT 

rhythm seem to favor testicular activation. 

xi). Unlike the amplitude, the acrophase of T3, T4 and AA-NAT rhythms IS not 

influenced by the phase of the breeding cycle and seasons. 

xii). Low temperature stimulates and high temperature inhibits the fish pineal AA-NAT 

activity. In contrast to temperate zone fish species, an inverse correlation exists 

between the water temperature and pineal AA-NAT activity in Clarias 

gariepinus. It seems that water temperature produces differential effects on the 
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amplitude of melatoninlAA-NAT activity rhythms III temperate and 

tropical/subtropical fish species. 

xiii). An inverse interrelationship exists between the circulating levels of the thyroid 

hormones and AA-NAT activity/melatonin synthesis. 

xiv). A direct relationship between water temperature and plasma levels of thyroid 

hormones and an inverse relationship between water temperature and AA-NAT 

activity seem to be responsible for the observed inverse interrelationship between 

the plasma levels ofthyroid hormones and AA-NAT activity. 

xv). It seems that the long daylength and high ambient temperature during progressive 

and breeding phases (summer/rainy seasons) inhibit AA-NAT activity and 

thereby decrease melatonin synthesis resulting in increased breeding activity, 

while short daylength and low ambient temperature during the regressive and the 

quiescent phases (winter months) seem to stimulate AA-NAT activity/melatonin 

synthesis leading to testicular inactivation in the fish. 

Chapter - 3: Effects of photoperiods and simulated temperatures on circadian 

rhythms in plasma levels of thyroid hormones (T 4 and T 3) and 

pineal arylalkylamine-N-acetyltransferase activity (AA-NAT) 

activity 

This chapter deals with the effects oflong photoperiod (LD 15:9), LD 12: 12 and 

short photoperiod (LD 9: 15) at a constant temperature (25 0 ± 20 C) on the circadian 
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rhythms in plasma levels of thyroid hormones (T3 and T4) and pineal AA-NAT activity 

during winter and summer seasons. In addition, it also deals with the effects of different 

simulated temperatures (i.e., 15° C, 25° C and 35° C) under LD 12:12 photoperiod on 

plasma levels of thyroid hormones (T3 and T4) and pineal AA-NAT activity during 

winter and summer seasons. The present study seems be the first of its kind in which the 

interrelationship between the circadian rhythms of thyroid hormones and pineal AA­

NAT activity have been studied in a fish maintained under different photoperiods and 

simulated temperatures during both winter and summer seasons. The summary of major 

findings and conclusions of this chapter are listed below: 

Effects of photoperiods on circadian rhythms in plasma levels of thyroid hormones 

(T4 and T3) and pineal AA-NAT activity during winter and summer seasons: 

1. Plasma levels of thyroid hormones (T4 and T3) and pineal AA-NAT activity 

exhibited prominent circadian rhythm under all photoperiodic regimes (i.e., LD 

9:15, LD 12:12 and LD 15:9) during both summer and winter seasons. 

2. The maximum levels of thyroid hormones were recorded during the light phase 

of all the photoperiodic regimes irrespective of the seasons. 

3. The maximum AA-NAT activity was always found during the dark phase 

irrespective of photoperiod and seasons. 

4. The patterns of circadian increase and decrease in the levels of thyroid 

hormones were different under different photoperiods and seasons. 
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5. During both the seasons, the average plasma levels of both T4 and T3 were 

significantly higher during the light phase than that of the dark phase under all 

the photoperiodic regimes except under LD 15:9 in winter when the average 

level ofT4 was found to be similar during light and dark phases. 

6 .. The mesor (24 h average) of T4 and T3 circadian rhythms were found to be 

minimum in fishes under LD 9: 15 and maximum in the fishes exposed to LD 

15:9. 

7. The mesor of T 4 circadian rhythm was found to be 14 and 16-18 folds higher 

than that ofT3 during winter and summer seasons, respectively. 

8. Regression analysis of the data indicated a positive correlation between the 

length of photoperiod and mesors of T 4 and T 3 during both winter and summer 

seasons. 

9. The amplitude ofT4 circadian rhythm was higher under LD 9:15 and LD 15:9 

during winter than the respective photoperiods during summer, while under LD 

12:12 the amplitude of T4 rhythm was higher during summer than during 

winter. 

10. The amplitude of the T3 rhythm was higher under LD 9:15 and LD 15:9 during 

summer as compared to winter, while under LD 12:12 the amplitude was higher 

during winter. 

11. Regression analysis of the data indicated a negative correlation between the 

amplitude ofT4 rhythm and the length of photoperiod only during winter, while 
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a positive correlation was found between the amplitude of T3 rhythm and the 

length of photoperiod only during summer. 

12. The acrophase of T4 occurred between 8.00 and 11.00 h during winter and 

between 11.00 and 14.00 h during summer season. 

13. Theacrophase of T 3 circadian rhythm invariably occurred at 14.00 h 

irrespective of photoperiods and seasons except under LD 9: 15 during summer, 

where the acrophase was advanced by 3 h and occurred at 11.00 h. 

14. Irrespective of photoperiods and seasons, the diurnal rhythm of AA-NAT 

activity invariably exhibited a basal level of the enzyme during the light phase, 

which increased rapidly after the onset of dark phase, remained significantly 

higher during the dark phase and declined sharply after the onset oflight phase. 

15. The mesor (24 h average) of pineal AA-NAT activity was found to be 

significantly lower under LD 15:9 as compared to that under both LD 12:12 and 

LD 9: 15 during both the seasons. 

16. Regression analysis of the data indicated a strong negative correlation between 

the length of photoperiod and the mesor of AA-NAT activity rhythm during 

both winter and summer seasons. 

17. The amplitude of the AA-NAT activity circadian rhythm was found to be 

invariably higher during winter as compared to the respective photoperiods 

during summer. 
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18. Regression analysis of the data indicated a strong negative correlation between 

the amplitude of pineal AA-NAT activity circadian rhythm and length of the 

photoperiod during both winter and summer seasons. 

19. During summer, the acrophase of pineal AA-NAT activity circadian rhythm 

occurred at 23.00 h under all photoperiods. However, during winter the acro-

phase of the AA-NAT activity rhythm under LD 12:12 and LD 15:9 occurred at 

02.00 h, while the acrophase was advanced by 3 hours under LD 9: 15 and 

occurred ~t 23.00 h. 

Ol i"-
Effects of simulated temperatures on circaf rhythms in plasma levels of thyroid ~ 

hormones (T4 and T3) and pineal AA-NAT activity during winter and summer 

seasons: 

1. Plasma levels of thyroid hormones (T4 and T3) and pineal AA-NAT activity 

exhibited prominent circadian rhythms under all the simulated temperatures 

during both summer and winter seasons. 

2. The maximum levels of thyroid hormones were recorded during the light phase 

of all the temperatures irrespective of the seasons. 

3. Irrespective of temperatures and seasons, plasma levels of T 4 and T 3 increased 

after· lights "on" at 6.00 h except at 15° C when the plasma level of T3 was 

increased at 12.00 h during both the seasons. 
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4. The average plasma levels of both T 4 and T 3 were significantly higher during 

the light phase than that of the dark phase under all three temperatures during 

both the seasons except at 15° C when the average level of T 3 was found to be 

similar during light and dark phases. 

5. The mesor (24 h average) of T4 and T3 circadian rhythms were found to be 

highest in the fishes exposed to 35° C and lowest in the fishes at 15° C during 

both the seasons. 

6. The mesor of T 4 circadian rhythm was found to be 13-17 and 12-14 folds higher 

than that ofT3 during winter and summer season, respectively. 

7. Regression analysis of the data indicated a strong positive correlation between 

water temperature and mesors of T4 and T3 rhythms during both winter and 

summer seasons. 

8. The amplitude of T4 circadian rhythm was found to be maximum at 25° C and 

was greater than those at 15 ° C and 35 ° C during both the seasons. 

9. The amplitude of the T3 rhythm increased with increase in water temperature. 

10. Regression analysis of the data indicated a positive correlation between the 

amplitude of T3 rhythm and temperature during both winter and summer 

seasons, while no significant correlation was found between water temperature 

and the amplitude of the T4 rhythm. 

11. The acrophase of T4 circadian rhythm occurred between 11.00 and 14.00 h 

during both winter and summer seasons. 
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12. The acrophase of the T3 circadian rhythm occurred between 14.00 and 17.00 h 

during both winter and summer seasons. 

13. Pineal AA-NAT activity was always found to be low during the light phase. 

14. AA-NAT activity increased rapidly after the onset of the dark phase irrespective 

of temperatures and seasons and remained high during the dark phase. 

15. The mesor (24 h average) of pineal AA-NAT activity was found to be 

maximum at ISO C and decreased significantly at both 25° C and 35° C during 

both the seasons. 

16. Regression analysis of the data indicated a strong negative correlation between 

water temperature and mesor of the AA-NAT activity rhythm during both the 

seasons. 

17. The amplitude of the AA-NAT activity circadian rhythm was found to be higher 

at 15° C and 35° C during summer as compared to the respective temperatures 

during winter. 

18. The amplitude of pineal AA-NAT activity decreased with the Increase In 

temperature irrespective of the seasons. 

19. Regression analysis of the data indicated a strong negative correlation between 

the amplitude of pineal AA-NAT activity circadian rhythm and water 

temperature during both winter and summer seasons. 

20. Irrespective of the simulated temperature, the acrophase of pineal AA-NAT 

activity circadian rhythm occurred at 23.00 h during summer season, while 

during winter it was delayed by three hours and occurred at 2.00 h (Table 3.8B). 
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On the basis ofthe above mentioned findings, we conclude the following: 

i) Both photoperiod and temperature produce opposite effects on the levels of thyroid 

hormones and AA-NAT activity and hence melatonin synthesis. 

ii) A direct relationship between photoperiod as well as temperature and thyroid 

hormones, and an inverse relationship between photoperiod as well as temperature 

and AA-NAT activity jointly regulate the opposite/inverse temporal relationship 

between the circadian rhythms of thyroid hormones and AA-NAT activity (hence 

melatonin synthesis) in the fish during both winter and summer seasons. 

iii) There is a direct relationship between environmental photoperiod and temperature 

and the plasma levels of the thyroid hormones in Clarias gariepinus. 

iv) Photoperiods seem to produce season-dependent differential effects on the 

amplitudes ofT4 and T3 circadian rhythms. 

v) Water temperature seems to produce differential effects on the amplitudes of the 

two thyroid hormones. 

vi) While the amplitude of T4 rhythm is closely associated with the preferred water 

temperature, the amplitude ofT3 rhythm is directly controlled by water temperature. 

vii) The acrophase of the T4 rhythm is regulated jointly by photoperiod and water 

temperature, while the acrophase of the T3 rhythm is regulated only by water 

temperature. 

viii) Long daylength and higher ambient temperature decrease AA-NAT activity (hence 

melatonin synthesis) during summer months, when the fish breeds. In contrast, short 
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daylength and low temperature stimulate AA-NAT activity and (hence melatonin 

synthesis during winter months when the testis remains quiescent. 

ix) The circannual changes in environmental photoperiod and temperature regulate the 

circannual changes in AA-NAT activity and melatonin synthesis, which in tum may 

be regulating the circannual rhythm of testicular activity of the fish. 

x) The acrophase of AA-NAT activity rhythm in the fish pineal seems to be controlled 

by an indigenous clock, which is not influenced either by environmental 

temperature or photoperiod. 

Thus, the findings on effects of different photoperiods and simulated 

temperatures taken together suggest that both temperatures and photoperiods have 

opposite effects on the plasma levels of thyroid hormones and pineal AA-NAT activity. 

It seems that circannual rhythm of photoperiod and temperature maintain the inverse 

relationship between thyroid activity and AA-NAT activity. Long daylength and high 

ambient temperature of summer stimulate synthesis of thyroid hormones and inhibit 

melatonin synthesis, both essential for active gonads and successful breeding. In 

contrast, low temperature and short daylength of winter decrease the synthesis of 

thyroid hormones and simultaneously increase AA-NAT activity and melatonin 

synthesis leading to regression and inactivation of gonads. 
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Chapter - 4: In vivo effects of melatonin on plasma levels of thyroxine (T4) and 

triiodothyronine (T 3) 

This chapter deals with in vivo effects of different doses of melatonin on plasma 

levels of T4 and T3 during quiescent, progressive, breeding and regressive phases of the 

annual breeding cycle. The major findings and conclusions based on the experiments 

included in this chapter are mentioned below: 

1. Morning injection of melatonin during the quiescent phase had no significant 

effect on plasma T4levels, except in lllg/g/day melatonin injected group which 

increased plasma T41evels significantly. 

2. The evening group injected with 21lg/g/day dose of melatonin induced 

significant increase in plasma T 4 levels during the quiescent phase. 

3. Administration of melatonin during the quiescent phase suppressed T3 levels 

significantly in a dose-dependent manner during both morning and evening 

hours. 

4. Administration of 21lg/g/day of melatonin during morning and lllg/g/day and 

21lg/g/day during evening significantly increased plasma T4 levels during the. 

progressive phase. 

5. Administration of melatonin suppressed plasma T3 level in a dose-dependent 

manner during morning, higher doses of melatonin (illg/g/day and 21lg/g/day) 

suppressed it during evening during the progressive phase. 
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6. Administration of melatonin during morning hour of breeding phase had no 

significant effect on the plasma T4levels. 

7. Injection of 1 ~glglday and 2~glglday doses of melatonin in the evenmg 

significantly increased the plasma T4levels during the breeding phase. 

8. None of the melatonin doses had any significant effect on plasma T3 levels 

during the breeding phase in both morning and evening groups except when 

injected with O.5~glglday, which significantly increased the plasma T3 levels in 

the evening group. 

9. Administration of melatonin during morning and evening significantly increased 

the plasma T4 levels and suppressed the plasma levels ofT3 both in the morning 

and evening groups in a dose-dependent manner during the regressive phase. 

10. Regression analysis of the data indicated a strong positive correlation between 

the doses of melatonin and the plasma T4 levels irrespective of the time of 

administration and phase of the breeding cyele. 

11. Irrespective of the time of administration and phases, a strong negative 

correlation was found between the doses of melatonin and the plasma T 3 levels 

except in the evening group of the breeding phase, where the negative 

correlation was insignificant. 

12. T3/T4 ratio was decreased during all the four phases following melatonin 

treatment in the morning as well as in the evening groups. 
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Present findings indicate that melatonin is involved in the regulation of thyroid 

activity and plasma levels of thyroid hormones, and exerts a differential control over the 

circulating levels of T3 and T4. in C. gariepinus. The climatic factors might be 

influencing thyroid function in fishes by altering melatonin production. It seems that the 

stimulatory and inhibitory effects of melatonin on T4 and T3 in this species seem to 

depend on seasons, dose and the time of administration. Melatonin-induced inhibition 

of T3 might be of adaptive significance in lowering the metabolic rate as well as in 

conserving energy reserves. Melatonin-induced increase in T4 seems to promote growth 

and breeding related processes. Further, there is a possibility that low temperature and 

short photoperiod, which increase melatonin production in fish, might influence 

circulating levels of thyroid hormones in the fish via a neuroendocrine mechanism 

involving the pineal organ and melatonin. These findings also suggest a probability that 

the circadian and circannual rhythms of melatonin might be involved in shaping the 

circadian and circannual rhythms of plasma T4 and T3levels in C. gariepinus. 

Chapter - 5: Effects of thyroid hormones and propylthiouracil on the circadian 

rhythms in pineal Arylalkylamine-N-acetyltransferase (AA-NAT) 

activity 

This chapter deals with the effects of hyper- and hypo-thyroidism on circadian 

rhythms in pineal AA-NAT activity during winter and summer seasons. In order to 

produce hyper- and hypo-thyroidism, the fishes were immersed in water containing L-T3, 
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L-T 4 and propyl thiouracil (PTU). The summary of major findings and conclusions based 

on the experiments included in this chapter are listed below: 

1. Plasma T4 and T3 levels were significantly increased following immersion of the 

fishes in water containing L-T 4 and L-T 3, respectively at all the eight time points 

over the 24 h time scale. 

2. Depending on the time point of the 24 h scale, immersion of the fishes in water 

containing PTU resulted in 14 to 24% and 10 to 16% decrease in the plasma levels 

of L-T4 and L-T3, respectively. Further, PTU treatment marginal increased the 

T3/T4 ratio. 

3. Fish pineal AA-NAT activity exhibited prominent circadian rhythm in all the 

groups irrespective of the treatment during both winter and summer seasons.' 

4. The patterns of diurnal increase and decrease in pineal AA-NAT activity were 

different under different treatments and seasons. 

5. Irrespective of seasons, L-T4 treatment had no significant effect on the average 

AA-NAT activity during both light and dark phases. 

6. L-T3 treatment significantly decreased the average AA-NAT activity in both light 

and dark phases. 

7. During winter season, PTU treatments significantly decreased the average AA­

NAT activity in both light and dark phases. However, during summer seasons 

PTU had no significant effect on the average pineal AA-NAT activity during the 
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light phase, but it significantly decreased the enzyme activity during the dark 

phase. 

8. Irrespective of seasons, the mesor (24 h average) of the circadian rhythm of AA­

NAT activity was significantly decreased in the pineal of the fishes immersed in 

water containing L-T 3 and PTU, while immersion in water containing L-T 4 had 

no significant effect on the mesor of the AA-NAT activity rhythm. 

9. The amplitude of the pineal AA-NAT activity circadian rhythm was decreased 

significantly following immersion in water containing L-T 4, L-T 3 or PTU as 

compared to the control group irrespective of seasons. 

10. Immersion in water containing L-T4 was more effective in reducing the amplitude 

of AA-NAT activity rhythm as compared to immersion in water with L-T3 or 

PTU during winter. 

11. PTU treatment was more effective during the summer season in reducing the 

amplitude of AA-NAT activity rhythm as compared to L-T3 and L-T4 treated 

groups. 

12. Irrespective of seasons and treatments, the acrophase of pineal AA-NAT activity 

circadian rhythm occurred at 23.00 h except in L-T 4 group during winter and PTU 

treated group during summer, when the acrophase was advanced by 3 hours and 

occurred at 20.00 h. 
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On the basis of the present findings, we conclude the following: 

i) The optimum plasma levels of thyroid hormones are essential for the normal 

circadian rhythm of AA-NAT activity, and both hypo- and hyper-thyroidism 

adversely affect the AA-NAT rhythm. 

ii) While increased T4 levels do not affect AA-NAT activity, increased T3 

concentrations produce inhibitory effect on AA-NAT activity in the fish pineal. 

iii) The observed decrease in AA-NAT activity following immersion in water 

containing L-T3 seems to be a result of TJ-induced increased proteasomal 

proteolysis of AA-NAT protein in the fish pineal. Alternatively, the observed 

inhibition of AA-NAT activity in the fish pineal might be a result of inhibitory 

effect of L-T 3-induced oxidative stress on AA-NAT molecule via the formation and 

cleavage of the disulfide bond between Cysteine61 and Cysteine l77
. 

iv) The observed decrease in fish AA-NAT activity by PTU-induced hypo-thyroidism 

might be due to increased T3 concentrations following increased DII activity, and T3 

might be finally inhibiting AA-NAT activity by increasing proteasomal proteolysis 

and/or by increasing oxidative stress leading to inactivation of AA-NAT via the 

disulfide bond switch. 

v) Both hypo- and hyper-thyroidism inhibit the amplitude of the AA-NAT activity 

circadian rhythm, and their inhibitory effect seems to be influenced by the seasons. 

vi) Hypo- and hyper-thyroidism have significant effect on the melatonin synthesizing 

machinery. However, the biological clock (oscillator) that regulates melatonin 

161 



synthesis in the pineal photoreceptor cells is not influenced by the circulating levels 

of thyroid honnones in the fish, Clarias gariepinus. 

Thus, physiological plasma levels of thyroid honnones seem to be essential for 

the nonnal circadian rhythm of AA-NAT activity in the fish pineal. Both hypo- and 

hyper-thyroidism adversely affect the mesor and amplitude of the AA-NAT rhythm. 

CONCLUSIONS 

On the basis of the major findings of the present Ph.D. dissertation, it can be 

concluded that the plasma levels of thyroid honnones and pineal AA-NAT activity of 

the fish Clarias gariepinus exhibit a circadian rhythm during all the phases of the 

breeding cycle, and under different photoperiods and simulated temperatures 

irrespective of the seasons. An inverse relationship exists between the circadian rhythms 

of thyroid honnones and pineal AA-NAT activity. Both temperatures and photoperiods 

have opposite effects on the plasma levels of thyroid honnones and pineal AA-NAT 

activity. Circannual rhythm of photoperiod and temperature seems to maintain the 

inverse relationship between thyroid activity and AA-NAT activity. It seems that the 

long daylength and high ambient temperature during progressive and breeding phases 

(summer/rainy seasons) stimulate synthesis and secretion of thyroid honnones and 

simultaneously inhibit AA-NAT activity/melatonin synthesis leading to increased 

breeding activity, while short daylength and low ambient temperature during the 

regressive and the quiescent phases (winter months) seem to inhibit synthesis and 
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secretion of thyroid hormones and simultaneously stimulate AA-NAT activity/ 

melatonin synthesis leading to testicular inactivation in the fish. Melatonin seems to be 

actively involved in the regulation of thyroid activity and plasma levels of thyroid 

hormones. However, it exerts a differential control over the circulating levels of T 4 and 

T3 in C. gariepinus. Thus, the climatic factors may alter thyroid hormone levels in fishes 

by altering pineal AA-NAT activity and melatonin production. Melatonin-induced 

inhibition of T 3 might be of adaptive significance in lowering the metabolic rate as well 

as in conserving energy reserves. Melatonin-induced increase in T4 seems to promote 

growth and breeding related processes. Present findings clearly indicate that the 

circadian rhythms of thyroid hormones and melatonin influence each other as well as 

get influenced by climatic factors. Since melatonin had pronounced effects on the 

plasma levels of thyroid hormones and pineal AA-NAT activity is controlled by highly 

predictive .circannual changes in daylength/photoperiod, it seems that the circadian and 

circannual rhythms of melatonin play an important role in shaping the circadian and the 

circannual rhythms of plasma T4 and T3 levels. At the same time, the physiological 

plasma levels of thyroid hormones seem to be essential for the normal circadian rhythm 

of AA-NAT activity and melatonin synthesis. Thus, the inversely related thyroid 

hormones and AA-NAT activity/melatonin synthesis influence each other, and seem to 

jointly regulate the circadian and circannual events of the air breathing fish, Clarias 

gariepinus. 
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