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ABSTRACT

The Mozambique tilapia grows significantly faster and larger when raised in

seawater (SW) than in fresh water (FW). Furthermore, there is a gender difference in the

growth rates, with males growing significantly larger than females. The main objective

of these studies was to investigate the endocrine mechanisms that regulate these

differences in growth.

Tilapia raised in SW grew significantly larger than those raised in FW, and

treatment with 17a-methyltestosterone (MT) augmented growth in both salinities. There

was a significant correlation between pituitary growth hormone (GH) mRNA and body

weight. By contrast, plasma GH levels did not vary significantly among the groups.

Plasma levels of insulin-like growth factor-I (IGF-I) and fish size varied in a correlated

pattern, however not significantly. These results indicate that SW rearing and MT

treatment stimulate the GH/IGF-I axis, and suggest that pituitary GH mRNA, at this stage

of development, is a better indicator ofgrowth than plasma levels of GH and IGF-I.

Transfer from SW to FW for forty days, however, resulted in a significant decrease in

growth rate compared with the SW control. The activity of the GH/IGF-I axis was

elevated after transfer offish from SW to FW, suggesting a greater metabolic cost of

osmoregulation in FW than in SW in tilapia.

Tilapia exhibit a sexually dimorphic pattern of growth, males growing larger than

females. Estrogen~) treatment in vivo induced a female-like GH/IGF-I profile in

males, elevated plasma and mRNA levels ofGH and vitellogenin (VTG), and suppressed

plasma and liver mRNA IGF-I levels. In contrast, the androgen, Sa-dihydrotestosterone
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(DHT), induced a male-like GHlIGF-I profile in females, elevated plasma and liver

mRNA levels ofIGF-I, and suppressed plasma and mRNA levels ofGH. Estradiol and

DHT exhibited direct effects on liver production ofVTG and IGF-I in a similar fashion to

that observed in the in vitro studies. These findings suggest that E2 re-directs metabolic

energy from growth (IGF-I production) and toward reproduction (VTG production).

Collectively these data provide evidence that the increased growth observed in SW and in

males is a result ofmore available metabolic energy directed toward growth.
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CHAPTER I

INTRODUCTION

Growth and development in fish, as in all vertebrates, are governed through the

orderly release ofhormones from the neuroendocrine system, which integrates

environmental, physiological and genetic information. Principal among the regulators of

growth and development in vertebrates are the peptide hormones: growth hormone and its

associated insulin-like growth factors, IGF-I and IGF-I1 (Donaldson et al., 1979; Scanes

et al., 1986; Bern et al., 1991; Cohick and Clemmons, 1993; McLean and Donaldson,

1993; Siharath and Bern, 1993; Shepherd et al., I997a). In addition to their growth

promoting effects, they provide important control over metabolism, reproduction and

osmoregulation (Donaldson et al., 1979; Sheridan, 1986; Danzman et al, 1990;

McCormick etal., 1991; Rubin and Specker, 1992; McLean and Donaldson, 1993;

Nicoll, 1993; Sakamoto et al., 1993; Yada et aI., 1994; Sakamoto et al., 1997; Shepherd

et al., 1997b). The multi-faceted actions ofGH and IGF-I have been impediments to

understanding the regulation of growth in teleost fish (Grau et aI., 1992). The need to

coordinate the activity of these distinct physiological processes may have evolved from a

need to use efficiently the limited energy resources of the animal (Ron et aI., 1995;

Vijayan et al., 1996; Shepherd et al., 1997b; 1997; Sparks et al, 2003).

The tilapia, like many species ofteleost fishes, exhibits a sexually dimorphic

pattern ofgrowth, males growing faster and larger than females. Previous studies found

that exposing tilapia to 17a.-methyltestosterone (MT), a synthetic androgen, during early

development produces populations with a high frequency ofmales that grow faster than
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untreated, mixed-sex control animals (Kuwaye etal., 1993). Interestingly, continuous

treatment of tilapia with MT increases growth beyond that produced by sex reversal

alone, indicating that MT has direct anabolic actions that are independent of its effects on

sexual differentiation. It was also found that tilapia raised in seawater (SW) grow

significantly faster than those in fresh water (FW) (Kuwaye et al., 1993)

In contrast, early exposure to a synthetic estrogen, ethynylestradiol (EEl),

produced a high proportion offemale tilapia, which grew more slowly than populations

ofuntreated, mixed-sex controls (Meredith et al., 1999). This suggests that the female

tilapia may sacrifice somatic growth in the interest of reproduction, i.e. egg production.

Conversely, increased overall body size conveys an advantage to males that defend nests

to which they attract females for spawning. These differing selection pressures make the

partitioning of energy profoundly important to the success in passing genes to future

generations.

The complexity of the regulatory system for the GHlIGF-I axis is likely to reflect

its critical importance in a myriad of physiological processes that require the investment

ofmetabolic energy. The studies described herein are aimed at investigating the

regulation ofgrowth in the euryhaline tilapia, Oreochromis mossambicus, and

specifically to characterize the effects ofgonadal steroid hormones on the GHlIGF-I axis.

Importance ofntapia to Aquaculture Industry

The demand for seafood has increased, yet wild catch has reached its maximum

sustainable yield. This has produced an increasing reliance on aquaculture (McLean and

Devlin, 2000; Naylor et al., 2000). Tilapia has become an increasingly popular fish
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entree in the U.S., and domestic retail sales of tilapia have surpassed those of trout since

1995 (American Tilapia Association, 2002). Furthermore, the total number oftilapia

imported has steadily increased since 1995; the first full year tilapia imports were

reported, from 15 million pounds to 70 million pounds in 2002 (USDAlERS, 2002).

Despite the continued increase in demand for tilapia, the mechanisms that regulate

growth in this warm-water teleost are poorly understood compared with those ofcold

water species such as salmonids (Donaldson et al., 1979; McLean and Devlin, 2000).

Farming carnivorous fish species such as salmonids, seabreams and flounders puts an

additional demand on ocean fisheries, since wild species remain the principal ingredient

of their food. Therefore the culture of omnivorous fish such as tilapia is essential to

sustaining both farmed and capture fisheries (Naylor et al., 2000). The results of the

work described herein will provide novel and useful information on the regulation of

metabolism and growth in the tilapia, and will also aid in optimizing the growth ofother

fish species.

Seawater Rearing andMT Promote Growth in Tilapia

In fish, osmoregulation has been estimated to consume a high proportion of

available energy, ranging from 25 to 50% oftotal metabolic output (Febry and Lutz,

1987; Morgan and lwama, 1991; Brill et aI., 2001). Oxygen consumption has commonly

been used as an indirect indicator ofmetabolism in fish (Cech, 1990), and measurements

of oxygen consumption rates in different salinities have been employed in an attempt to

determine the energetic cost ofosmoregulation in tilapia. Several studies from our

laboratory have found that MT treatment or SW rearing alone increase growth 2-3 times
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and together they augment growth 5-7 times greater than that seen in untreated FW fish

(Howerton et al., 1992; Kuwaye et al., 1993; Ron et al., 1995). We have shown that the

routine metabolic rate (RMR) was significantly less in the tilapia in SW than in FW, and

suggested that the energy for the increased growth observed in the tilapia is SW might

derive from a reduced metabolic cost of osmoregulation (Ron et aI., 1995; SpaIks et al.,

2003).

Growth Hormone Regulates Growth in Teleosts

It has long been established that exogenous GH treatment promotes growth in a

number offish species (Down and Donaldson, 1991; Donaldson and Down, 1993;

McLean and Donaldson, 1993). There is evidence that GH acts directly to promote

growth of tissue and indirectly by stimulating the secretion ofIGFs, which then act to

promote growth in fish (for review see Bern et aL, 1991). Shepherd et at. (1997b) have

examined the growth promoting effects ofnative tiIapia GH using the ceratobranchial

cartilage growth bioassay. This assay, similar to the rat tibia assay, assesses growth in

ceratobranchial cartilage explants by uptake of eSS]-sulfate, a measure of extracellular

matrix synthesis, and the uptake of fH]-thymidine, a measure of cell proliferation (Duan

and Hirano, 1990; Duan and Inui, 1990; Duan et al., 1992; Tsai et ai., 1994). According

to Shepherd et aL (1 997b), although tilapia GH stimulated the uptake of sulfate there was

no change in thymidine uptake. This may indicate an indirect effect of GH, since GH

treatment also increased IGF-I mRNA levels in the liver.
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Growth Factors Mediate Many ofthe Actions ofGH

The "Dual Effector Theory", first proposed by Green et al. (1985), argues that GH

stimulates growth directly by inducing differentiation ofprecursor cells and indirectly by

its control over the production and release ofthe mitogen, IGF-I. While several other

tissues produce IGF-I, the liver appears to be the primary source ofIGF-I in the

circulation (Cohick and Clemmons, 1993; Plisetskaya et aI., 1994). The IGF-I produced

by tissues other than the liver is thought to act locally as an autocrine or paracrine

regulator (Cohick and Clemmons, 1993). Insulin-like growth factor-I stimulates the in

vitro incorporation of eSSJ-sulfate into cartilage explants of several teleosts, indicating a

direct action on growth (Duan and Hirano, 1990; Duan and Inui, 1990; Gray and Kelley,

1991; McCormick et al., 1992b; Marchant and Moroz, 1993). The effect ofIGF-I on

cartilage explants from the hypophysectomized goby was lower than that on cartilage of

intact animals, suggesting that at least one of the pituitary hormones acts in concert with

IGF-I in stimulating eSSJ-sulfate incorporation (Gray and Kelley, 1991).

In tilapia, IGF-I mRNA in gills and liver increased following exogenous treatment

with tilapia GH (Shepherd et al., 1997b). Sakamoto et al. (1994) have also found an

increase in the expression ofIGF-I mRNA in gill and liver following the transfer from

FW to SW. The plasma level ofa sulfation factor, presumably IGF-I, was also greater in

SW-reared tilapia than in FW-reared animals (Shepherd et al., 1997a). The elevated level

of suIfation activity in the plasma ofSW-reared tilapia suggests that IGF-I may mediate

the growth-promoting effect of SW.
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Gonadal Steroid Hormones Alter GH Secretion

In mammals, gonadal steroid hormones have been shown to affect growth

primarily by interacting with the endogenous regulators ofgrowth, GH and IGF-I

(Wehrenberg and Giustina, 1992). This interaction is observed in a sexually dimorphic

pattern ofGH release from the pituitary; males exhibit a pulsatile release ofGH every 3-4

h, whereas release of GH in females is constant. This difference in GH release is

hypothesized to result in the dimorphic growth rates in rats, a species in which males are

larger than females (Jansson et al., 1985; Wehrenberg and Giustina, 1992). Borski et at.

(1996) demonstrated that Ez treatment in ovariectomized rats suppressed somatic growth

in parallel with a decrease in pituitary content of Gil. In the same study, 5ct

dihydrotestosterone (DHT), an androgen that cannot be converted (aromatized) to

estrogen, increased weight gain in parallel with an increase in pituitary GH levels.

Increasing evidence has implicated gonadal steroid hormones as regulators ofGH

cell activity in teleosts (see Melamed et al., 1998). It has been shown that estradiol-17j3

(Ez) and testosterone (T) stimulate the release of GH from the organ-cultured pituitary of

tilapia (Borski et al., 1991). However, long-term MT treatment in the tilapia had no

discemable effect on plasma GH levels, despite significantly elevated GH levels in the

pituitary (Shepherd et al., 1997a). By contrast, in the hybrid tiIapia (0. niloticus x 0.

aureus), intraperitoneal injections ofMT over 10 days significantly increased circulating

GH levels (Melamed et al., 1995b). Intraperitoneal injections ofT increased GH mRNA

levels in the goldfish (Huggard et aI., 1996), whereas no effect was observed in the

hybrid tilapia (Melamed et al, 1997). The observed differences are possibly related to
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the type of steroids used, the method of application, length of exposure, sexual stage

and/or a difference in response in different species.

Gonadal Steroid Hormones Alter Hypothalamic Control ofGH Release

In teleost fishes, as in higher vertebrates, somatostatin (SRIF) is the primary

inhibitor ofGH release, whereas several factors such as growth hormone-releasing factor

(GRF), gonadotropin-releasing hormone (GnRH), pituitary adenylate cyclase-activating

polypeptide (PACAP), and thyrotropin releasing hormone (TRH) have been shown to

stimulate the release ofGH (peng and Peter, 1997; Blazquez et al., 1998). In mammals,

GRF appears to be the primary stimulus of GH release. In teleosts, however, the efficacy

of these factors varies with the physiological state ofthe animal. It is not clear how the

change in responsiveness ofthe GH cells to these factors is controlled (Peter and

Marchant, 1995).

It has been well established that gonadal steroid hormones alter hypothalamic

control ofGH release in mammals (Wehrenberg and Giustina, 1992; Clark and Rogol,

1996; Bluet-Pajot et al., 1998; Mayo et al., 2000). Gonadal steroid hormones are also

known to modifY the response ofGH cells to a variety ofhypothalamic factors in teleosts.

The ability of SRIF to inhibit GH release from trout pituitaries in vitro was blocked if the

animals were pretreated with fu (Holloway et al., 1997). In sexually regressed or

immature trout, goldfish and tilapia, pretreatment of the fish with Ez and/or MT

augmented the effectiveness ofGnRH or GRF in stimulating GH release in vitro

(Trudeau et al., 1992; Melamed et al., 1995b; Holloway and Leatherland, 1997). These
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effects may derive from changes in the type or number of receptors for these factors

and/or changes in the second messenger pathways leading to release.

EstradiolModulates Hepatic Production ofIGF-I and Vitellogenin

In mammals, gonadal steroid hormones are known to regulate liver IGF-I

synthesis and release (Murphy and Friesen, 1988; Krattenmacher et at., 1994; Sahlin et

aI., 1994; Westley and May, 1994; Borski et at., 1996). On the other hand, it is clearly

established that liver production ofvitellogenin (VTG), a precursor to egg yolk protein in

all oviparous species studied thus far, including fish, is under the control of estrogens

(Todo et at., 1995; Flouriot et at., 1996; 1997).

In addition to its stimulation ofhepatic IGF-I synthesis, GH, but not IGF-I, acts

directly on the liver to potentiate E2 induction of VTG production in the eel (Kwon and

Mugiya, 1994; Peyon et al., 1996; 1998). On the other hand, treatment of mature female

tilapia with MT resulted in a pronounced decline in plasma VTG levels. Since MT

treated tilapia showed a marked reduction in serum ~, it is suggested that MT inhibits

gonadotropin release at the hypothalamic level. One of the hypotheses of this dissertation

is that estrogens act importantly to shift energy utilization from somatic growth to

vitellogenesis partly through a putative GHlVTG axis. This shift in energy investment

may be mediated through an ~-induced change in the principal action ofGH from IGF-I

production to VTG production, and may represent an important focal point in

determining the different growth rates offemale and male tilapia. However, there seems

to be no report on feedback ofVTG on GH synthesis and release not only in fishes but

also in any oviparous vertebrates. Knowledge of the mechanisms, which control the
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relationship between the GH/IGF and GHlVTG axes may provide new and important

information for the development ofbiotechnologies and husbandry strategies to enhance

aquaculture production.

Goals and Objectives

The main objective ofmy research was to investigate the mechanisms regulating

growth and development in an important aquaculture species, the euryhaline tilapia,

Oreochromis mossambicus. In this process I studied the effect of salinity and exogenous

treatment with gonadal sex steroids on the GH/IGF-I axis. In the following five chapters

ofthe dissertation, I will describe:

1) The effect oflong-term treatment ofMT in both FW and SW on a) growth, b) plasma

levels ofGH, PRL and IGF-l, and c) mRNA expression ofGH and PRL (Chapter II).

This chapter has been published in General and Comparative Endocrinology (Vol. 127,

pp 285-292), 2) The pattern ofplasma levels and gene expression of GH and IGF-I in

relation to salinity transfer (Chapter 1II). This chapter has been submitted to

Comparative Biochemistry and Physiology. 3) The role of exogenous treatment of

gonadal sex steroids on the GH/IGF-I axis (Chapter IV). This chapter has been submitted

to Fish Physiology andBiochemistry. 4) The direct effects of gonadal sex steroids on

IGF-I and VTG gene expression (Chapter V). This chapter is in preparation for

publication. 5) In Chapter VI, I provide general conclusions and future perspectives.
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CHAPTER II

Activation oftbe Growtb Hormone I Insulin-like Growtb Factor Axis by

Treatment witb 17u-Metbyltestosterone and Seawater Rearing

in tbe Tilapia, Oreochromis mossambicus

ABSTRACT

Effects of 17u-methyltestosterone (MT) treatment and environmental salinity on

the growth honnone (GH) ( insulin-like growth factor (IGF) axis were examined in the

euryhaline tilapia, Oreochromis mossambicus. Yolk-sac fry were coHected from brood

stock in fresh water (FW). After yolk sac absorption, they were assigned randomly to 1

of4 groups: FW, MT treatment in FW, seawater (SW), and MT treatment in SW. After

147 days, FW controls had the lowest levels ofGH mRNA foHowed by FW fish treated

with MT and SW control fish. Seawater fish fed with a diet containing MT, which grew

the fastest, had significantly higher levels of GH mRNA than fish in all the other groups.

A significant correlation was observed between GH mRNA and the size of the individual

fish. By contrast, plasma GH levels did not vary significantly among the groups.

Pituitary GH mRNA levels, plasma IGF-I levels, and fish size varied in a correlated

pattern i.e., SW + MT > FW + MT = SW control> FW control.

The tilapia pituitary produces two prolactins (PRLs), PRL177 and PRL,,,.

Prolactin"" but not PRL188, exhibits growth-promoting actions in FW tilapia. Pituitary

mRNA levels ofboth PRLs were significantly higher in fish reared in FW than in those

reared in SW. Treatment with MT significantly increased mRNA levels ofboth PRLs in
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FW fish, but had no effect on SW fish. No correlation was seen between plasma PRL

levels and growth or between PRL mRNA levels and growth. These results indicate that

SW rearing and MT treatment stimulate the GHlIGF-I axis, and suggest that pituitary GH

mRNA, at this stage of development, is a better indicator of growth than plasma levels of

GHandIGF-L

INTRODUCTION

Growth and development in fish, as in all vertebrates, are governed through the

orderly release of hormones from the neuroendocrine system, which integrates

environmental, physiological and genetic information. Growth hormone stimulates

growth directly by stimulating cell differentiation, and indirectly by inducing the

production and release of a mitogen, IGF-I, which is produced both by the liver and by

most peripheral tissues (Green et al., 1985; Duan, 1997; Reinecke et al., 1997; McLean

and Devlin, 2000).

The Mozambique tilapia, Oreochromis mossambicus, is able to tolerate salinities

ranging fromFW to hypersaline SW (Pullin, 1991). It has been demonstrated that SW

reared tilapia grow significantly faster than the fish in FW (Howerton et al., 1992;

Kuwaye et al., 1993; Ron et al., 1995). The accelerated growth in SW is accompanied by

a decrease in oxygen consumption (resting metabolism), suggesting that tilapia reared in

SW have more available metabolic energy for growth than those reared in FW (Ron et

al., 1995; Sparks et al., 2003).

Several teleost species, including the tilapia, exhibit a sexually dimorphic pattern

of growth with males larger than females. Short-term treatment (4 weeks) ofNile ti1apia
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fry (0. niloticus) with the synthetic androgen, MT, induced sex reversal in fish from

female to male (Nakamura and Iwahashi, 1982), thus resulting in a population oflarger

fish. Kuwaye et at. (1993) demonstrated in Mozambique tilapia that continuous

treatment with MT augments growth beyond that produced by sex-reversal alone, and the

combination ofSW rearing plus MT treatment stimulates growth 5-7 times more than

SW rearing alone.

In mammals, gonadal steroids have been shown to affect growth primarily by

interacting with the endogenous growth regulators including GH and IGF-I (for review

see Wehrenberg and Giustina, 1992). This interaction is observed in the sexual

dimorphic pattern ofGH release from the rat pituitary; males exhibit a pulsatile release of

GH every 3-4 h, whereas females exhibit a constant level ofGH release. The pulsatile

pattern observed in males is believed to be responsible for their increased size (for review

see Jansson et al, 1985; Wehrenberg and Giustina, 1992).

The influence ofgonadal steroids on growth was demonstrated by Borski et at.

(1996). They found that estrogen treatment in ovariectomized rats suppressed somatic

growth in parallel with a decrease in plasma IGF-I and liver IGF-I mRNA levels. The

GH content of the pituitary was reduced, while plasma GH levels were elevated. In the

same study, the androgen, DHT, which cannot be converted (aromatized) to estrogen,

increased weight gain in parallel with an increase in plasma IGF-I and liver IGF-I mRNA

levels. Plasma GH levels were low despite elevated pituitary GH levels. These results

suggest that the GHJIGF-I axis is up-regulated in males.

In teleosts, no sex-specific pattern of GH release has been observed; however,

gonadal steroids have been shown to alter the release ofGH from the pituitary. Pre
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treatment with MT increased the responsiveness of tilapia pituitary GH cells to GRF and

to GnRH (Melamed et ai, 1995b). In rainbow trout, inhibition ofGH release by SRIF

was not observed in Ez-primed trout (Holloway et ai, 1997). These data suggest that

gonadal steroids affect the responsiveness of GH cells to neuroendocrine factors in

teleosts as well.

Growth hormone and prolactin (pRL) belong to the same family of peptides and

possess actions that overlap or are antagonistic (Goffin et al., 1996). The tilapia pituitary

produces two forms ofprolactin, PRL177 (177 amino acids) and PRL18.(188 amino acids).

Shepherd et al. (1997b) found that PRL177, but not PRLj88, exhibits somatotrophic actions

that overlap those ofGH. It has also been shown that PRL177, but not PRLj88, displaced

GH from high-affinity, low-capacity binding sites in the tilapia liver (Shepherd et al.,

1997b; Leedom et al., 2002). Previous studies have found that treatment with MT and

SW rearing augments growth in the tilapia (Howerton et ai, 1992; Kuwaye et aI., 1993).

This study was designed to investigate how two conditions that are known to stimulate

growth in the tilapia, MT treatment and SW rearing, might impact the GHllGF-I axis.

MATERIALS AND METHODS

Animals and Treatments

Fish were reared and treated as described by Kuwaye et at. (1993) with some

modifications. Briefly, yolk-sac fry were collected from FW brood stock maintained at

the Hawaii Institute ofMarine Biology, University ofHawaii. Fry were held in 4

separate FW tanks until yolk sac absorption, and then distributed randomly into 24 tanks

at a density of250 fry (mean weight 0.01 g) per tank (700 I). Tanks were assigned
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randomly to the following treatments: (i) 5 tanks for FW rearing; (ii) 5 tanks for SW

rearing; (iii) 4 tanks for MT treatment in FW; and (iv) 10 tanks for MT treatment in SW.

To acclimate the fry to SW, SW was added gradually to the FW tanks over a one-week

period. Tank volume for the first 2 months was 100 I, then was raised to 300 I for the

next 2 months, and finally was raised to 600 I for the remainder of the study. Throughout

the study, temperature was maintained at 24 ± 2" C, and the temperature difference

between FW and SW treatments was within 1
0

C-

Ali fish were fed Pro-Form Trout Chow (Agro Pacific, Chilliwalck, BC, Canada).

The size of the feed was increased from a fine powder for fry, to increasingly larger

pellets as the fish increased in size. The MT diet was prepared by spraying 1 kg of feed

with 10 mg ofMT dissolved in 50 ml of95% ethanol (Howerton et al., 1992; Kuwaye et

al., 1993). The control diet was prepared by spraying 1 kg feed with 50 ml of95%

ethanol. Following evaporation ofethanol, the feed was stored at _20' C. Fish were fed 3

times per day totaling 18% ofthe average body weight for the first 3 months and then

12% ofthe average body weight for the remainder of the experiment. At 25-30 day

intervals, all fish from each tank were weighed in at least 10 random, non-overlapping

groups The mean weight of individual fish in the group was calculated from the weight

and number offish in each group. The mean weights offish in each group were used to

estimate the overall mean weight ofthe fish in each tank. The mean weight for each

treatment group was calculated from the means ofthe individual tanks that made up the

treatment. After 147 days of treatment, 6 fish from each tank were anesthetized in 2

phenoxyethanoL After measurement ofbody weight and body length, plasma samples

were taken for measurement ofGH, IGF-I, PRL177 and PRLt88 • Blood was collected from
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the caudal vessels by a needle and syringe treated with ammonium heparin (200 Ulml;

Sigma, St. Louis, MO). Immediately after blood sampling, plasma was separated by

centrifugation at 10,000 rpm for 10 min and stored at _20" C until analyzed. Fish were

then rapidly decapitated and pituitaries were snap frozen under liquid N2 and stored at -

80" C until analysis of GH, PRLI77, and PRLlll8 mRNA.

Radioimmunoassays

Plasma levels ofGH, PRLm and PRL188 were analyzed by homologous RIA

according to Ayson et al. (1993) as modified by Yada et at. (1994). Measurement of

plasma IGF-I was accomplished by using a commercially available kit (GroPep,

Adelaide, Australia) according to Shimizu et at. (2000) with slight modifications. On day

1, total IGF-I from each plasma sample (25~) was extracted by 100 ~I of acid/ethanol

solution (12.5% 2M HCI and 87.5% ethanol) and incubated for 30 min at room

temperature. One hundred ~I of Tris-base (0.855 M) was added to neutralize the pH, and

the samples were centrifuged at 3,000 rpm for 30 min at 4" C. Following the extraction,

10 ~I ofthe supernatant from each sample were transferred into polystyrene assay tubes.

Fifty ~l ofRIA buffer (0.01 M sodium phosphate, 0.1% Triton-X, 1% BSA) were added

to all samples and 10 IJI ofa blank solution ofRIA buffer: acid/ethanol: Tris in a 1:4:2

ratio were added to standard tubes. Fifty IJI of anti-barramundi IGF-I were added to all

tubes at a dilution that yielded approximately 10% binding. Labeled tilapia IGF-I,

approximately 10,000 cpm, were added to all tubes, and tubes were incubated overnight

at 4" C. On day 2, 100 ~I ofPANSORBm® Cells (Calbiochem, La Jolla, CA) at 1:50

dilution was added to all tubes, and tubes were incubated overnight at 4" C. On day 3,
15



100 III ofRIA buffer were added to all tubes, and tubes were centrifuged for 30 min at

3200 rpm at 4' C. The radioactivity in the bound fraction was determined using an

automated gamma counter (Cobra II, Packard, Meriden, CA).

RNA Extraction and Northern Dot Blot Hybridization

Partial tilapia GIl, PRL177 and PRL188 clones were generously provided by Drs.

Robert 1. Collier and Nicholas R. Staten (Monsanto, S1. Louis, MO). A 296 base-pair

(bp) ofGH, 393 bp ofPRL188 and 351 bp of~-actin cDNA clones were prepared by RT

PCR and ligated into a peR -II TOPO vector (Invitrogene, Carlsbad, CA). A 263 bp of

PRL177 cDNA clone spanning Sphl and EcoRI restriction sites was subcloned into a

pBluescript II (Stratagene, La Jolla, CA). The homologous tilapia GH, PRL177, PRLI88

and ~-actin cDNA probes were generated with the use of32uP-dATP and the Prime-it II

random primer labeling kit (Stratagene, La Jolla, CA).

Total RNA was extracted from individual pituitaries by acid guanidinium

thiocyanante-phenol-chloroform extraction (MRC, Cincinnati, OH) following the method

ofChomczynski and Sacchi (1987). Quantification ofGH, PRL177 and PRLI88 mRNA

was carried out by Northern dot blot hybridization. We denatured 500 ng of total RNA

from each sample in 50% formarnide, 7% formaldehyde, Ix standard saline citrate (SSC),

heated at 68' C for 15 min. RNA samples were then loaded onto a dot blot apparatus

(BioRad, Hercules, CA) under vacuum, blotted onto a Hybond-XL membrane

(Amersham, Piscataway, NJ), and subsequently fixed by UV cross-linking. The

membranes were soaked in Ix SSC for 5 min, and then pre-hybridized in buffer (5x SSC,

5x Denhardt's solution, 0.5% sodium dodecyl sulfate [SDS] and 100 f.lg ofheat-denatured
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calfthymus DNA) for 4 h at 65" C. The pre-hybridization buffer was then replaced with

fresh buffer containing either the homologous GH, PRLI77 or PRLI88 probe radioJabled

with 32",[P]_dATP, and hybridized for 20 h on a circular rotating rack in an oven at 65"C.

After hybridization, the membranes were washed in fresh hybridization buffer without

heat-denatured calfthymus DNA for 60 min at 65" C followed by 3 more washes of

increasing stringency: 2x SSC, 0.1% SDS to O.lx SSC, 0.1% SDS. Relative density was

determined by exposing the membranes to Phosphor-Imager screens (Amersham,

Piscataway, NJ). After quantification, probes were removed from the membranes by the

addition ofboiling 0.5% SDS and the method repeated for the remaining probes. To

ensure equal loading of total RNA, GR, PRL177 and PRL", mRNA levels were

nonnalized to the relative amount of ~-actinmRNA in each sample.

Statistics

Differences among means were determined using a two-way ANOVA followed

by Fischer's Least Significant Difference test. Correlations were determined using the

Pearson Correlation Test. Statistical anaylses were perfonned using the computer

program, Statistica (Statsoft, Tulsa, OK).

RESULTS

Effects ofMT treatment and Salinity on Growth

The effects ofMT treatment and salinity on mean growth rate are shown in Fig. I.

As early as day 21, the fry reared in SW were significantly larger (P < 0.001) than those
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Fig. 1, Effect ofMT treatment and salinity on growth rate. Fish were raised in

either FW or SW and treated with or without MT for 147 days, (e) = FW; (.)

= FW+MT; (0) = SW; (0) = SW+MT. Data are presented as mean ± SEM.

The SEM smaller than the symbol is not indicated.
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reared in FW, although no effect ofMT was seen in either salinity. Significant effects of

MT treatment were seen on day 84 in both SW (P < 0.01) and FW (P < 0.001) (see

insert). On day 84, SW fish treated with MT were significantly larger than those in all

the other groups (P < 0.01); the difference remained significant (P < 0.001) until the end

ofthe experiment. Control fish in FW were significantly smaller than those in all the

other groups on day 84 (P < 0.01), a pattern that continued (P <0.001) until the end ofthe

experiment.

Effects ofMT treatment and salinity on body length exhibited a pattern that was

similar to that observed for body weight (P<O.OI; data not shown).

Plasma Levels ofGH, PRLm, PRL188 and IGF-I

At the end of the experiment (day 147), 6 fish from each tank (5 tanks each for

FW and SW controls, 4 tanks for FW+MT, and 10 tanks for SW+MT) were sampled for

the measurement ofplasma levels ofGR, PRLs and IGF-I as well as for pituitary GR

mRNA levels. The effects ofMT treatment and salinity on plasma GR, PRL177, PRLI88

and IGF-I are shown in Fig. 2. There was no effect of salinity on plasma GR levels.

Plasma GR levels in MT-treated fish in FW were significantly higher than levels

observed in SW control fish (P < 0.05; Fig. 2A). There was no correlation between body

weight and plasma GR levels (r" =0.0005, P < 0.81). Plasma IGF-Ilevels in SW fish

treated with MT were significantly (P < 0.00 I) higher than those in FW control fish (Fig.

2B). There was no significant effect ofMT treatment on IGF-I levels in either salinity.

As with plasma GR levels, there was no correlation between body weight and plasma

IGF-I levels (~ = 0.025, P < 0 I).
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Fig. 2. Effect ofMT treatment and salinity on plasma levels ofGH (A);

total IGF-I (B); PRLl77 (C); PRL188 (D) after 147 days of treatment. * P

< 0.05; *** P < 0.001 (n =21 for FW; n =27 for SW control; n = 23 for

FW+MT; n = 60 for SW+MT). Vertical bar represents mean ± SEM.
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Fig. 3. Effect ofMT treatment and salinity on pituitary mRNA levels of

GH (A); PRLI77 (B); PRL188 (C) after 147 days of treatment, ** P <

0,01; *** P < 0,001 (n = 23 for FW; n = 30 for SW control; n = 24 for

FW+MT; n = 60 for SW+MT). Vertical bar represents mean ± SEM.
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As expected, plasma PRL177 levels in the fish in SW were significantly lower than those

in fish in FW, although no significant effect ofMT treatment was seen in either salinity

(Fig. 2C). Interestingly, only SW control fish had significantly lower PRL188 levels

compared with FW control fish (P < 0.05; Fig. 2D). There was no effect ofMT

treatment on plasma PRL'88 levels in either salinity.

Pituitary mRNA Levels ofGH, PRL177 andPRL188

In contrast with plasma GH levels, pituitary GH mRNA levels exhibited a pattern

ofresponse that was similar to that observed in the body weight on day 147. Fresh water

control fish, which were the smallest, had significantly lower pituitary GH mRNA levels

than all other groups (P < 0.01). Treatment with MT produced a significant elevation in

GH mRNA in both salinities (Fig. 3A). There was a significant correlation between body

weight and pituitary GH mRNA levels (r= 0.177, P < 0.0001; Fig. 4).

Pituitary PRL177 mRNA levels were significantly higher in FW fish than in SW

fish. Treatment with MT significantly increased PRL177 mRNA levels only in FW, but no

effect ofMT treatment was observed in SW (Fig. 3B). Pituitary PRL188 mRNA levels

exhibited a pattern similar to that observed with PRL177 mRNA. Fresh water fish

exhibited significantly higher levels of pituitary PRL'88 mRNA levels than did SW fish,

whereas MT treatment significantly increased PRL'88 mRNA levels only in FW fish

(Fig.3C).
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Fig. 4. Correlations between body weight and pituitary GH mRNA levels after 147

days oftreatment. There was a highly significant correlation between body weight and

pituitary GH mRNA levels (r2 = 0.177; P < 0.001).• = FW; • = FW+MT; 0 = SW;

o =SW+MT.
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DISCUSSION

In this study, we have found that the greater growth achieved in the tilapia in SW

and MT treatment is correlated with an activation ofthe GHlIGF-I axis. These

treatments have been shown to stimulate growth in the Mozambique tilapia (Howerton et

al., 1992; Kuwaye et al., 1993; Borski etal., 1994). Growth hormone, which is a primary

regulator of somatic growth in vertebrates generally, is also known to playa role in SW

adaptation in salmonids (Sakamoto etal., 1990; Sakamoto and Hirano, 1991; Yada et al,

1991; Sakamoto and Hirano, 1993) and also in euryhaline tilapia (Yada et al, 1994;

Sakamoto etal., 1997; Shepherd et al., 1997b). Although body weight was highly

correlated with pituitary GH mRNA levels, we observed no effect of salinity on plasma

GH levels. According to Sakamoto et al. (1993), plasma GH levels increased only during

the initial phase ofSW acclimation in rainbow trout and tilapia. As in our findings,

Shepherd et al. (1997a) observed no effect oflong-term exposure to environmental

salinity on plasma GH levels, although pituitary GH content was significantly higher in

SW-reared fish compared with those reared in FW. Furthermore, SW rearing increased

growth, GH content, cell volume, and number ofsecretory granules in GH cells in the

tilapia pituitary (Borski et al, 1994). Sakamoto et al. (1990) concurrently demonstrated

that an increase in metabolic clearance of GH was coupled to an increase in secretion rate

ofGH in rainbow trout and coho salmon in SW. These findings, together with our

present results, suggest that GH cells in tilapia are activated in SW possibly in parallel

with the increased metabolic clearance rate ofGR, resulting in an increase in plasma
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IGF-I, but no discernable difference in plasma GH levels between the fish in SW and

those inFW.

Treatment with MT stimulates growth in tilapia (Howerton et al., 1992; Kuwaye

et al., 1993) and coho salmon (FagerJund et al., 1983); however, the physiological

mechanisms involved in this stimulation have not been investigated. In teleosts, somatic

growth is regulated primarily through the GH/IGF-I axis (Siharath and Bern, 1993; Peter

and Marchant, 1995; Duan, 1997). In the present study, MT treatment for 147 days

stimulated growth and increased pituitary GH mRNA levels. In rats, gonadal steroids

have been shown to determine the sexual dimorphic pattern observed in GH secretion

(Jansson et al., 1985; Wehrenberg and Giustina, 1992). Increasing evidence has also

implicated gonadal steroids as regulators ofGH cell activity in teleosts (for review see

Melamed et al., 1998). Shepherd et al. (1997a) demonstrated that long-term MT

treatment in the tilapia caused significantly higher GR levels in the pituitary. In the

hybrid tilapia (D. niloticus x D. aureus), however, 3 intraperitoneal injections ofMT over

10 days significantly increased circulating GH levels (Melamed et aI., I 995b). In

contrast, silastic implants ofDHT had no effect on plasma GH levels in immature

rainbow trout (Holloway and Leatherland, 1997). Intraperitoneal injections ofT

increased GR mRNA levels in goldfish (Huggard et al., 1996), but intraperitoneal

injections of T had no effect in the hybrid tilapia (D. niloticus x 0. aureus) (Melamed et

al., 1997). The observed differences are possibly related to the type ofandrogen used,

length ofandrogen exposure, the method ofapplication, maturational stage ofthe animal

and!or a difference in response in different species. Other reports have shown that

gonadal steroids can alter the sensitivity ofthe GH cells to neuroendocrine control. In the
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hybrid tilapia (0. niloticus x 0. aureus), GHRH stimulated the release ofGR only after

pre-treatment with MT in vivo (Melamed et al., 1995b). In rainbow trout, somatostatin

(SRIF) had no effect on GR release from perifused pituitaries when the fish were primed

with Ez (Holloway et at., 1997). Our results indicate that MT is involved in regulating

GR cell activity and subsequently growth. Whether MT has a direct effect on GR cells

or an indirect effect by altering the responsiveness ofthe GR cells to other regulators

cannot be determined by this study. The lack ofa correlation between growth and plasma

GR levels is possibly due to the negative feedback oflGF-1 on GR release (Kajimura et

at., 2002) and/or the stimulation ofthe metabolic clearance ofGR by androgens, which

has been observed in rats (Badger et at., 1991).

In teleosts, the growth-promoting and osmoregulatory actions ofGR are

mediated, in part, through IGF-I (Siharath and Bern, 1993; Duan, 1997). As in higher

vertebrates, the liver is the primary source ofcirculating IGF-I, although many peripheral

tissues also produce IGF-I (Sakamoto and Hirano, 1993; Siharath and Bern, 1993; Duan,

1997; Reinecke et at., 1997). In coho salmon, less than 1% of circulating IGF-lis free,

the remainder being conjugated to IGF-binding proteins (Shimizu et al., 1999). The

binding proteins seem to extend the half-life oflGF-I and buffer the acute hypoglycemic

effects ofhigh levels ofIGF-I (Duan, 1997). In fasted coho salmon, in which growth was

inhibited, plasma Gf! levels were elevated, whereas circulating IGF-I and liver IGF-I

mRNA levels were reduced (Duan et at., 1993; Moriyama et at., 1994). In non-maturing

and precociously maturing chinook salmon, plasma IGF-I was significantly correlated

with growth (Shimizu et al., 2000). In this study, we observed that MT treatment and

SW-rearing, individually and together, evoked similar patterns of response in plasma

30



IGF-I and growth. Interestingly, when we examined individual body weight and plasma

IGF-I we did not observe a significant correlation. It must be noted that our sample size

for IGF-I was not as large as that for body weight, and a P value of 0.1, while not

statistically significant, is too close to a P value of 0.05 to rule out a biologically

significant relationship. This, together with evidence that IGF-I is centrally important in

the regulation ofgrowth, suggests that the pattern ofgrowth we observed might be

mediated through alterations in plasma IGF-I levels. On the other hand, the measurement

ofplasma IGF-I at a single point in time may not be useful for assessing the state of

growth of the animal.

GH and PRL belong to the same family ofpeptides and exhibit many overlapping

and antagonistic functions (Goffin et ai., 1996). PRL is involved in FW adaptation in

teleosts. Plasma PRL levels, secretion and metabolic clearance rates rise when the fish

are transferred from SWto FW (Sakamoto and Hirano, 1991; Yada and Hirano, 1992;

Yada et ai., 1994; Sakamoto et ai., 1997). We observed significant elevation in plasma

and pituitary mRNA levels ofboth PRLI11 and PRLl88 in FW fish compared with those in

SW. Although MT treatment had no effect on the plasma level of either PRLI77 or PRLI88,

pituitary mRNA levels ofboth PRLs were significantly elevated after MT treatment in

FW. Previous studies have demonstrated that PRLI11, but not PRLm , displaces GH from

its receptor in the liver (Leedom et ai., 2002). Shepherd et al. (1997b) demonstrated that

PRLI11 and PRLI88 had an EDso that was 50 and 500 times higher than GIl, respectively.

Together, with our observation that the circulating level ofboth PRLs is at most only 10

times greater than that of GH, the probability that either PRL could displace GH from its

receptor in vivo is unlikely.
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In sunnnary, MT treatment and SW-rearing stimulate the GH/lGF-I axis in the

tilapia at the level of the pituitary and liver. There is an apparent additive effect of

SW+MT on body weight, pituitary GH mRNA, and circulating IGF-I levels but not on

circulating levels of GH. Our data suggest that the lack ofresponse in plasma GH levels

may be due to an activation of metabolic clearance ofGH. Furthermore, we believe that

the accelerated growth in the SW+MT tilapia is due to a more efficient utilization ofthe

available metabolic energy.
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CHAPTERID

Effects of Tunsfer from Seawater to Fresh Water on the Growth HormoneJInsulin

like Growth Factor-I Axis in the Tilapia, Oreochromis mossambicus

ABSTRACT

The effect of freshwater (FW) transfer on growth and on the growth hormone

(GH)/insulin-Iike growth factor-I (IGF-I) axis was examined in the tilapia, Oreochromis

mossmabicus. Tilapia were raised in seawater (SW) for 5 months and then transferred to

FW for an additional 40 days. The growth rate of the fish transferred to FW was

significantly reduced compared with the fish in SW. Pituitary GH and liver IGF-I mRNA

levels were significantly reduced in the fish transferred to FW. Plasma levels of GH and

IGF-I, on the other hand, were significantly elevated in FW-transferred fish. This

suggests that the circulating levels ofGH and IGF-I may be elevated due to low turnover

in FW transfer fish. There was a significant correlation between body weight and mRNA

levels ofGH and IGF-I but not with plasma levels ofGH and IGF-I. Fish transferred to

FW had significantly higher prolactin (PRL)177 levels than the SW control fish, although

there was no difference in plasma PRL188 levels. Consistent with the

hyperosmoregulatory effects ofPRL, mRNA levels ofboth PRL177 and PRL188 were

significantly higher in FW-transferred fish than in the fish in SW. These results suggest

that transferring tilapia from SW to FW activates the GHIIGF-I axis, but growth is still

inhibited, possibly due to the greater metabolic cost of osmoregulation in FW than in SW.
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INTRODUCTION

Growth in fish, as in all vertebrates, is regulated primarily by the growth hormone

(GH)/insulin-like growth factor-I (IGF-I) axis (Siharath and Bern, 1993; Peter and

Marchant, 1995; Duan, 1997). Exogenous GH treatment promotes growth in a number of

fishes (Donaldson and Down, 1993; McLean and Donaldson, 1993) Many ofthe

growth-promoting actions of GH are mediated through the production ofIGF-I, and the

liver is the primary source ofcirculating IGF-I (Duan, 1997; Kelley et a/. , 2000; LeRoith

eta/.,2001).

Besides its growth-promoting action, GH has been implicated as a regulator of

SW adaptation in fish including the tilapia, Oreochromis mossambicus (Sakamoto et a/. ,

1993; McCormick, 2001)' Plasma GH and pituitary GH mRNA levels were increased

during SW acclimation in salmonids (Sakamoto and Hirano, 1993) and tilapia (Yada et

al., 1994). Sakamoto et af. (1990) demonstrated that the transfer ofsalmonids from FW

to SW resulted in an increase in GH receptors and in the metabolic clearance ofGH in

several osmoregulatory organs.

Insulin-like growth factor-I, which mediates many ofGH's growth-promoting

actions, also appears to mediate the hypoosmoregulatory activity of GH during SW

acclimation in salmonids (Dum, 1997). Injection ofIGF-I resulted in an improved

ability of rainbow trout to maintain plasma osmo1ality and sodium levels after SW

transfer (McCormick et al., 1991). Gill Na" K+-ATPase activity was stimulated by IGF-I

treatment in salmon (Madsen and Bern, 1993). Sakamoto and Hirano (1993)
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demonstrated that transfer ofimrnature trout to 80% SW resulted in an increase ofIGF-I

mRNA levels in the gill and kidney by days 1 and 8, respectively.

Prolactin (PRL), a member of the same hormone family as GR, is well established

as an important hormone in FW adaptation in fishes (McCormick, 2001; Manzon, 2002).

The tiJapia produces two forms ofPRL, PRL177 and PRL188, which are encoded in two

separate genes (Specker et al., 1985). Transfer of the tilapia from SW to FW resulted in

an increase in plasma levels ofboth PRLs (Yada et al., 1994; Shepherd et aI., 1999).

Reflecting PRL's Na-retaining effects, PRL iJ\iections increased plasma osmolality and

reduced gill Na+, K+-ATPase activity in the tiJapia (Sakamoto et al., 1997).

Although it is well established that the tilapia raised in SW grow significantly

faster than those in FW (see Riley et al., 2002b), there is no current information

describing the effect of transfer from SW to FW. The current study was aimed at

determining whether the accelerated growth rate of the tilapia reared in SW is maintained

after transfer to FW. Plasma levels of GR, IGF-I and both PRLs as well as their mRNA

levels were measured in an attempt to clarify the role of these hormones in growth and

osmoregulation.

MATERIALS AND METHODS

Animals and Treatments

Mozambique tilapia (Oreochromis mossmabicus) were raised and treated as

described by Riley et al. (2002b) with some modifications. Fry were maintained in 4

separate FW tanks until yolk sac absorption, and then transferred to 4 SW tanks at a

density of250 fry (mean weight 0.01 g) per tank. Once the fish reached 150 days of age,
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the tilapia in 2 tanks were transferred gradually to FW, with salinity decreasing over a

period of one week. Temperature was maintained at 24 ± 2° C, and the temperature

difference between FW and SW treatments was within 10 C.

Forty days after the transfer to FW, blood was collected from the caudal

vasculature by a needle and syringe treated with ammonium heparin (200 Vlml; Sigma,

St. Louis, MO). Immediately after blood sampling, plasma was separated by

centrifugation at 10,000 rpm for 10 min and stored at _20
0

C until analyzed. Fish were

decapitated and thereupon pituitary and liver were snap frozen under liquid N2 and stored

at -80' C until analyses ofGH, PRLm, PRL188 and IGF-I mRNA, respectively.

Radioimmunoassays

Plasma levels of GH, PRLm and PRL188 were analyzed by homologous

radioimmunoassay according to Ayson et al. (1993) as modified by Yada et aI. (1994).

Measurement of plasma IGF-I was accomplished by using a commercially available kit

(GroPep, Adelaide, Australia) according to procedures described by Shimizu et al. (2000)

with slight modifications. On day 1, total IGF-I from each plasma sample (25 Ill) was

extracted by 100 J.tI ofacid/ethanol solution (12.5% 2 M Hel and 87.5% ethanol) and

incubated for 30 min at room temperature. One hundred J.!/ Tris-base (0.855 M) was

added to neutralize the pH, and the samples were centrifuged at 2,100 g for 30 min at 4'

C. Following the extraction, 10 III ofthe supernatant from each sample was transferred

into polystyrene assay tubes. Fifty III ofphosphate buffer (0.01 M sodium phosphate,

0.1% Triton-X, 1% BSA) was added to all samples and 10 III of a blank solution of the

buffer: acid/ethanol: Tris in a I :4:2 ratio were added to the standard tubes. Fifty III of
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anti-barramundi IGF-I was added to all tubes at a dilution that yielded approximately

10% binding. Labeled tilapia IGF-I, approximately 10,000 cpm, was added to all tubes,

and tubes were incubated overnight at 4' C. On day 2, 100 III ofPANSORBm® Cells

(Calbiochem, La Jolla, CA) at 1:50 dilution was added to all tubes, and tubes were

incubated overnight at 4' C, On day 3, 100 III ofRIA buffer was added to all tubes, and

tubes were centrifuged for 30 min at 3200 rpm at 4' C. The radioactivity in the bound

fraction was determined using an automated gamma counter (Cobra II, Packard, Meriden,

CA).

RNA Extraction andDot Blot Hybridization

Partial tilapia GH, PRL177 and PRL188 clones were generously provided by Drs.

Robert 1. Collier and Nicholas R. Staten (Monsanto, S1. Louis, MO). A 296 base-pair

(bp) ofGH, 393 bp OfPRL188 and 351 bp ofj3-actin cDNA clones were prepared by RT

PCR and ligated into a pCR -II TOPO vector (Invitrogene, Carlsbad, CA). A 263 bp of

PRL177 cDNA clone spanning SphI and EcoRI restriction sites was subcloned into a

pBluescript II (Stratagene, LaJolla, CA). The homologous tilapia GH, PRL177, PRL188

and j3-actin cDNA probes were generated with the use oe2a.P-dATP and the Prime-it II

random primer labeling kit (Stratagene, La Jolla, CA).

Total RNA was extracted from individual pituitaries by acid guanidinium

thiocyanante-phenol-chloroform extraction (MRC, Cincinnati, OR) following the method

ofChomczynski and Sacchi (1987). Quantification ofGH, PRL177 and PRL188 mRNA

was carried out by Northern dot blot hybridization. Five hundred ng oftotal RNA from

each sample was denatured in 50% formarnide, 7% formaldehyde, 1x standard saline
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citrate (SSC), heated at 68°C for 15 min. RNA samples were then loaded onto a dot blot

apparatus (BioRad, Hercules, CA) under vacuum, blotted onto a Hybond-XL membrane

(Amersham, Piscataway, NJ), and subsequently fixed by UV cross-linking. The

membranes were soaked in Ix SSC for 5 min, and then pre-hybridized in buffer (5x SSC,

5x Denhardt's solution, 0.5% sodium dodecyl sulfate [SDS) and 100 Ilg ofheat-denatured

calfthymus DNA) for 4 h at 65°C. The pre-hybridization buffer was then replaced with

fresh buffer containing either the homologous GH, PRLm or PRL188 probe radiolabled

with 32,,[P]_dATP, and hybridized for 20 h on a circular rotating rack in an oven at 65°C.

After hybridization, the membranes were washed in fresh hybridization buffer without

heat-denatured calf thymus DNA for 60 min at 65°C followed by 3 more washes of

increasing stringency: 2x SSC, 0.1% SDS to O.lx SSC, 0.1% SDS. Relative density was

determined by exposing the membranes to Phosphor-Imager screens (Amersham,

Piscataway, NJ). After quantification, probes were removed from the membranes by the

addition ofboiling 0.5% SDS and the method repeated fOr the remaining probes. To

ensure equal loading of total RNA, GH, PRL177 and PRL188 mRNA levels were

normalized to the relative amount of l3-actin mRNA in each sample.

RNase Protection Ass£!)! for IGF-I

A homologous RNase protection assay was used to quantifY liver IGF-I mRNA

cRNA probes for IGF-I and ~-actin were prepared according Kajimura et al. (2002). The

RNase protection assay was performed using RPA III kit (Ambion, Austin, TX). Briefly,

20 Ilg of total hepatocyte RNA was hybridized with 2.0 x 104 cpm of each 32p _cRNA

probe in 10 m1 of hybridization buffer overnight at 56 DC. Samples were then digested
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with RNase T1 (20 U/tube) for 1 hat 37°C, followed by precipitation, and resuspended

in gel-loading buffer. The protected fragments were fractionated through a 5%

acrylamide 8 M urea gel. The gel was dried for 2 h at 80°C by a gel drier (Bio-Rad,

Hercules, CA). The relative density of each band was determined by exposing the gel to

Phosphor-Imager screens (Amersham) and quantified using an image analysis software

(Amersham). The mRNA levels ofIGF-I were normalized to relative amounts ofp-actin.

Statistics

Differences among means were determined using a one-way ANOVA followed

by Fischer's Least Significant Difference test. Correlations were determined using the

Pearson Correlation Test. Statistical analyses were performed using the computer

program, Statistica (Statsoft, Tulsa, OK).

RESULTS

Prior to the transfer to FW (day 150) there was no significant difference in the

mean body weight between the two groups (Fig. 5). When the fish in SW were

transferred to FW for 40 days, a significant (P<0.05) reduction in growth rate was

observed compared to the fish retained in SW.

To investigate the mechanisms that might regulate the observed fall in growth rate

after FW transfer, plasma levels ofGH, IGF-I and the two PRLs were measured. Plasma

levels ofGH and IGF-I were significantly (P < 0.05) higher in FW transferred fish

compared with SW controls. Plasma levels ofPRL177 were also significantly (P < 0.05)
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higher in FW-transferred animals. There was no difference in PRL188 plasma levels

between the treatment groups (Fig. 6).

Growth hormone and IGF-I mRNA levels exhibited the converse ofwhat was

observed in the plasma. Fish that were transferred to FW had significantly (P < 0.05)

lower GH and IGF-I mRNA levels than those that remained in SW. Pituitary mRNA

levels ofboth PRL177 and PRL188 were significantly (P < 0.01) elevated after FW transfer

(Fig. 7).

Correlations between body weight and the GHlIGF-I axis are illustrated in Fig. 8.

In spite of the observation that FW-transferred animals, which exhibited slowed growth,

had elevated plasma GH and IGF-I levels, there was no correlation with body weight and

plasma levels of either GH or IGF-I. Pituitary GH mRNA levels exhibited a significant (r

= 0.47, P < 0.01) positive correlation with body weight. In addition, there was a

significant (r = 0.61, P < 0.05) positive correlation between body weight and liver IGF-I

mRNAlevels
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Fig. 5. Change in body weight following 40 days after transfer to FW.

Animals were raised in SW for 150 days and then transferred to FW for

40 days. Values represent mean ± SEM (n=16). Significantly different

from the control fish in SWat * P < 0.05.

41



42



Fig. 6. Effect ofFW transfer on plasma levels ofGH (A), total IGF-I (B), PRL177

(C) and PRL188 (D). Animals were treated as those in Fig. 1. Open bars represent

SW-to-SW transfer fish; solid bars represent FW transferred fish. Values represent

mean ± SEM (n=16). Significantly different from the control fish in SWat * P

<0.05.
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Fig. 7. Effect ofFW transfer on mRNA levels ofGH (A), IGF-I (B), PRL177

(C) and PRL188 (D). Animals were treated as those in Fig. I. Open bars

represent SW-to-SW transfer fish; solid bars represent FW transferred fish.

Values represent mean ± SEM (n=16). Significantly different from the control

fish in SWat * P <0.05.
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Fig. 8. Correlation between body weight and plasma GH (A), plasma (B), GH

mRNA (C), and IGF-I mRNA (D). Animals were treated as those in Fig. 1. Open

circles represent SW-to-SW transfer fish; solid circles represent FW transferred fish.

There was no significant correlation between body weight and either plasma GH or

IGF-I. There was a significant correlation between body weight and GH mRNA

(r = 0.47, P <: 0.01) and IGF-I mRNA (r = 0.61, P <: 0.05).
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DISCUSSION

The current finding that the growth rate of tilapia decreased when fish were

transferred from SW to FW is consistent with previous findings that showed FW-reared

tilapia grow more slowly than those reared in SW (see Riley et al., 2002b; Sparks et al.,

2003). In the Mozambique tilapia, the routine metabolic rate was lower in SW compared

to FW tilapia at a given age, suggesting that the accelerated growth achieved by tilapia

raised in SW is a result ofthe availability ofmore available metabolic energy (Ron et aI.,

1995; Sparks et al., 2003). The present finding that the tilapia ofthe same age and

weight showed in a decline in growth rate after FW transfer suggest that the slower rate

of growth in FW may be a consequence of the increased metabolic cost of

osmoregulation in FW.

Analysis of the effects ofFW transfer on somatic growth and the GHJIGF-I axis

in the tilapia is difficult; in as much as GH and IGF-I are also involved in SW adaptation

(Sakamoto et al., 1993; McCormick, 2001), In the present study, plasma GH levels were

significantly higher in FW fish, but pituitary GH mRNA levels were significantly lower.

In tilapia and salmonids, GH cell activity, such as GH content and mRNA levels, is

elevated in SW (fast growth) compared to that in FW (slow growth) fish (Yada and

Hirano, 1992; Riley et al., 2002b). In similar growth studies, plasma GH levels were

shown to be similar between tilapia reared in either FW or SW (Riley et al., 2002b). The

elevated levels of GH in FW in the present study are most likely to be explained by a

change in the metabolic clearance ofcirculating GH Sakamoto et al. (1990)

demonstrated that transfer to SW increases the metabolic clearance ofGH in salmonids.
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Further, there was a significant correlation between body weight and mRNA levels of GH

in the current study, while there was no correlation between plasma GH with body

weight. Riley et al. (2002b) demonstrated that body weight was significantly correlated

with pituitary GH mRNA levels but not plasma levels of GH. Thus, the present findings

support a role for GH in both SW adaptation and growth.

In addition to its actions on growth, GH also regulates energy metabolism (Perez

Sanchez, 2000). In fish, osmoregulation has been estimated to consume a high

proportion, 25 to 50"10, of available metabolic energy (Brill et al., 2001). In the current

study, fish transferred to FW exhibited a lower growth rate when compared to those

remaining in SW. An alternate explanation for the elevation of GH in plasma is that the

elevated levels in the plasma might also be involved in mobilizing energy stores to

compensate for the increase in metabolic energy required for FW osmoregulation. In this

regard, injections ofbovine GH resulted in an increase in oxygen consumption in FW

rainbow trout (Oncorhynchus mykiss) (Seddiki et al., 1995). To further support the

observations that osmoregulation in FW is more metabolically costly than in SW (Ron et

al., 1995; Iwama et al., 1997; Sparks et al., 2003), oxygen consumption, Na+, K+-ATPase

activity in osmoregulatory tissues, GH receptor expression in somatic tissues and

metabolic clearance rates of GH need to be measured in future salinity transfer studies.

Insulin-like growth factor-I is known to mediate several of the growth-promoting

actions ofGH in teleosts (McCormick et al., 1992a; Siharath and Bern, 1993; Duan,

1997). Recently, IGF-I has been suggested to playa role also in SW osmoregulation

(Sakamoto and Hirano, 1993; McCormick, 2001). In the current study liver mRNA

levels ofIGF-I were significantly elevated in those animals that remained in SW
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compared with those that were transferred to FW. Further, as with pituitary GH mRNA,

there was a significant correlation between body weight and mRNA levels of liver IGF-I,

but not with plasma IGF-I. The current findings appear to conflict with the role ofIGF-I

in stimulating growth (McCormick et al., 1992a; Siharath and Bern, 1993) and in

facilitating SW adaptation (McCormick et al., 1991; Duan, 1997; McCormick, 2001).

Plasma IGF-I was significantly correlated with somatic growth during salmon

smoltification, a time when salmon are rapidly growing (Beckman et al., 1998). In

mammals, plasma GH and IGF-I levels are significantly elevated during puberty, a time

of rapid growth, and then return to pre-puberty levels (Crawford and Handelsman, 1996;

Caufriez, 1997; Yamada et al., 1998). The paradoxical observation ofelevated liver

IGF-I mRNA and suppressed plasma levels ofIGF-I in those fish that remained in SW is

likely to be explained by a difference in turnover rate ofIGF-I, which has been

demonstrated for GH in salmonids (Sakamoto et al., 1990). These findings provide

evidence that mRNA levels ofpituitary GH and liver IGF-I are better indicators of

somatic growth than plasma levels ofGH and IGF-I.

In this study, however, there was no significant correlation between body weight

and plasma IGF-I levels. The actions ofIGF-I are regulated by six different high

affinity-binding proteins (IGFBPs), and IGFBP-l seems to be involved in inhibiting IGF

I activity on somatic growth (Duan, 1997; Kelley et al., 2000; LeRoith et al, 2001). In

studies on stunted growth in humans, IGFBP-l has been shown to inhibit the growth

promoting actions ofIGF-I (Figueroa et al., 1995; Barreca et al., 1998). More recently,

IGFBP-l in fish was found to be significantly up-regulated under catabolic conditions,

such as fasting, diabetes and stress, all ofwhich resulted in growth inhibition (Kelley et
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at., 2001). The observation that plasma IGF-I was elevated in the FW-transferred tilapia

suggests that the growth-promoting actions oflGF-I might be masked by IGFBP-l, thus

allowing the tilapia to re-direct metabolic energy away from growth and toward

osmoregulation in FW.

As described above, PRL is a member of the same hormone family as GH, and

plays an essential role in FW osmoregulation in teleosts (McCormick, 2001; Manzon,

2002). It has been demonstrated in our lab that plasma levels and the pituitary expression

ofPRL are elevated in FW tilapia (Sakamoto and Hirano, 1991; Yada and Hirano, 1992;

Yada et at., 1994; Sakamoto et at., 1997; Shepherd et at., 1999). It is not clear, however,

why I failed to observe a significant elevation OfPRL188 in this study. Prolactinm, but

not PRL188, stimulated sulfate (extracellular matrix synthesis) and thymidine (DNA

synthesis) incorporation in ceratobranchial cartilage and displaced GH from its receptor

in the liver oftilapia (Shepherd et at., 1997b; Leedom et al, 2002). These data suggest

that in FW, PRL177 may possess somatotropic actions similar to that ofGH In the

present study plasma levels ofPRL177 and GH were similar in FW, and since it required

50 times more PRL177 to displace GH from its hepatic receptor as measured by

radioreceptor assay (Shepherd, 1997b), it seems unlikely that PRL177 possesses strong

growth-promoting activity in vivo, at least under the circumstances of the present study.

The present study investigated the effects of salinity transfer from SW to FW on

growth and the GHlIGF-I axis in the tilapia, Oreochromis mossambicus. Consistent with

its importance in FW osmoregulation, PRL177leveis are elevated in FW. We observed a

significant correlation between body weight and mRNA levels of GH and IGF-I but not

with plasma levels of GH and IGF-I. These results suggest that transferring the tilapia to
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FW activates certain aspects ofthe GH/IGF-I axis, but growth is still inhibited, possibly

due to the greater metabolic cost ofosmoregulation in FW than in SW.
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CHAPTER IV

Disparate Effects of Gonadal Steroid Hormones on Plasma and Liver mRNA Levels

ofInsulin-like Growth Factor-I and ViteDogenin in the Tilapia,

OreochronUs nwssambicus

ABSTRACT

The tilapia, Oreochromis mossambicus, exhibits a sexually dimorphic pattern of

growth, males growing larger than females. We examined the effects ofE;z and DHT on

the GH-IGF-I axis and on VTG production in the tilapia. Sexually mature tilapia were

injected with 5 ~g/g body weight ofE;z (males) or Dill (females) every 5 days for a total

00 injections. Female tilapia had significantly higher plasma GH levels than males.

However, plasma and liver mRNA levels ofIGF-I were significantly lower in females

than in males, whereas vitellogenin levels in both the plasma and liver mRNA were

significantly higher in females than in males. Although detectable amounts ofVTG were

detected in control males (8 ± 0.3 ~g/ml), the levels in control females (3000 ± 500

~g/ml) were about 400 times higher than in males. Males treated with~ exhibited a

female-like GH-IGF-I profile. That is, they had significantly elevated levels ofplasma

GH with lower plasma IGF-I and liver IGF-I mRNA levels. Estradiol treatment

significantly elevated both plasma and liver mRNA VTG levels. Dihydrotestosterone

treatment in females induced a male-like GH-IGF-I profile: plasma GH levels were

significantly reduced whereas plasma and liver IGF-I rnRNA levels were significantly

elevated. Neither plasma VTG nor liver rnRNA levels ofVTG were altered by DHT
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treatment. Pituitary GH mRNA levels were similar in all treatment groups. These results

suggest estrogens induce a shift in the use of available metabolic energy from somatic

growth to egg production.

INTRODUCTION

In all vertebrates, growth is regulated to an important degree by the GHlIGF-I

axis. Growth hormone is synthesized and released from the pituitary gland under

regulation by the hypothalamus. Many of the growth-promoting actions of GH are

mediated via IGF-l The liver is the primary source of circulating IGF-I, although many,

ifnot all, tissues produce IGF-I (Jones and Clemmons, 1995; Duan, 1997; LeRoith et aI.,

2001).

In many teleosts, including the tilapia, there is a sexually dimorphic pattern in

body growth, with males growing faster and larger than females. Numerous studies in

mammals have demonstrated that the difference in growth between males and females is

due to complex interactions among GIl, IGF-I and gonadal steroid hormones

(Wehrenberg and Giustina, 1992). In rats, there is a distinct gender difference in the

pattern ofGH release from the pituitary. Males exhibit a distinct pulse of GH release

every 3-4 h followed by a period oflow to undetectable GH levels, whereas females

exhibit a constant level ofGH release (Jansson et al., 1984; 1985; Wehrenberg and

Giustina, 1992). Furthermore, gonadectomized males exhibit the female-like pattern of

GH release, and replacement treatment with testosterone re-establishes the pulsatile male

pattern ofGH release (Jansson et al., 1985).

55



Increasing evidence has implicated gonadal steroid hormones as regulators of GH

cell function in teleosts (Le Gac et aI., 1993; Peng and Peter, 1997; Melamed et al.,

1998). In the tilapia (Oreochromis mossamhicus), long-tenn treatment with MT, a

synthetic androgen, produced a significant elevation in pituitary GH content and GH

mRNA levels, although there was no discemable effect on plasma GH levels (Shepherd

et al., 1997a; Riley et al., 2002b). In some teleost species such as the rainbow trout,

tilapia and carp, the mode of action of gonadal steroid honnones seems to be indirect by

modifYing the response ofGH cells to a variety ofhypothalamic factors (Lin et al., 1995;

Melamed et al., 1995a; Holloway et al., 1997; Melamed et al., 1998).

Hepatic synthesis oflGF-land its release are primarily under the stimulatory

control of GH Several lines of evidence from mammalian studies indicate that gonadal

steroid honnones playa role in the regulation oflGF-I synthesis and release in the liver

and other tissues (Westley and May, 1994; Borski et al., 1996; Ducy et al., 2000; Yee

and Lee, 2000). Currently, there is no information on the possible effects of gonadal

steroid honnones on liver IGF-l production in teleosts.

On the other hand, VTG, a precursor protein to egg yolk in all oviparous species

including fish, is produced by the liver under the control of estrogens (Todo et al., 1995;

Flouriot et aI., 1996; 1997). Growth honnone has been shown to potentiate fu induction

ofVTG production in the eel hepatocytes in vitro (Kwon and Mugiya, 1994; Peyon et ai.,

1996; 1998). In contrast, treatment of mature female tilapia with MT resulted in a

pronounced decline in VTG gene expression (Lazier et al., 1996). Since MT-treated

tilapia showed a marked reduction in serum fu, it is suggested that MT inhibits the

release ofgonadotropic honnones at the hypothalamic level.
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All vertebrates possess a finite amount of metabolic energy that must be

partitioned in a manner that optimizes fitness. I hypothesize that estrogens act in female

tilapia to shift energy utilization from somatic growth (GH-IGF-I axis) to vitellogenesis

(egg production) partly through a putative GH-VTG axis. This shift in energy

investment may be mediated through an Ez-induced change in the principal action ofGH

from IGF-I production to VTG production, and may represent an important focal point in

determining the different growth rates of male and female tilapia. The aim ofthis chapter

was to investigate whether the gonadal steroid hormones, Ez and DHT, differentially

regulate liver production ofIGF-I and VTG in the tilapia.

MATERMLSANDMETHODS

Animals and Treatments

This study was conducted during the month ofAugust, a period in which tilapia

are reproductively active. Sexually mature male (150-230 g) and female (50-130 g)

tilapia (Oreochromis mossambicus) ofthe same age and from the same cohort were

maintained under natural photoperiod in 700 I flow-through freshwater tanks (300 I) at

the Hawaii Institute ofMarine Biology, University ofHawaii, at 26-28°C. Twenty

animals were selected randomly for each treatment, placed into 5 separate tanks and

allowed to acclimate for 2 weeks prior to experimentation. Animals were fed ad libitum

twice a day with Pro-Form Trout Chow (Agro Pacific, Chilliwalck, BC, Canada). One

group of each sex served as control and received vehicle injection. Experimental males

received Ez (Sigma, St. Louis, MO) and experimental females received 5a

dihydrotestosterone (DHT, Sigma). Steroids were dissolved in 95% ethanol and then

57



suspended in vegetable oil. Animals were injected with 5 1lg of steroid per g body weight

in a volume of200-250 I.d every 5 days over 11 days for a total 00 injections. Twenty-

four hours after the final injection, animals were anthesitized in MS-222 (0.15 gil)

buffered with NaHC03 (0.15 gil), and blood was collected in heparinized (200 Ulm!,

Sigma) syringes. Aprotinin (10 U/ml, Sigma) was added to the blood to inhibit protease

activity. Plasma was separated by centrifugation at 10,000 x g for 10 min, and stored at-

20°C. Pituitaries and livers were removed and flash frozen in liquid nitrogen and stored

at -80°C until RNA extraction. There was no effect ofgonadal steroid hormones on

body weight, hepatosomatic index or gonadosomatic index during the II-day

experimental period (data not shown). The experiment was conducted in accordance

with the principles and procedures approved by the Institutional Animal Care and Use

Committee, University ofRawaii.

Assay Protocols

Plasma GR levels were measured by homologous RIA according to Ayson et at.

(1993) and Yada et at. (1994). Plasma IGF-I levels were analyzed using a commercially

available RIA kit (GroPep, Adelaide, Australia) as modified by Shimim et at. (1999).

Plasma VTG levels were measured by homologous ELISA according to Denslow et

at. (1999) using the antibody developed by Heppell et at. (1995). Briefly, 50 j.tlof

sample was added to each well ofa 96 well plate (Corning, Corning NY) and incubated

overnight at 4°C. The wells were washed 4X with TBST (pH 7, 10 roM Tris-HC1, 150

roM NaCI, 0.05% Tween). Unbound sites were blocked with 350 /!I ofblocking buffer

(TBST + 1% BSA) and incubated for 2 h at room temperature. The wells were washed
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4X with TBST followed by incubation with 0.5 mglml anti-VTG antibody in blocking

buffer and incubated overnight at 4 °e. The wells were washed 4X with TBST. Fifty J.L1

of secondary antibody (Calbiochem, La Jolla, CA) diluted 1: 100 in blocking buffer was

added to the wells and incubated for 2 h at room temperature and then washed 4X with

TBST. One hundred III ofp-nitrophenyl phosphate disodium salt (Calbiochem) in

substrate buffer (30 mM Na Carbonate, 2 mM MgCh; I mg/ml) was added and the

solution incubated for 30 min at room temperature. The reaction was stopped by the

addition of 50 J.L1 of3 M NaOH. The intensity of color development was then quantified

at 405 nm with a SpectraCount plate reader (Packard, CN).

Total RNA was extracted from individual pituitaries and livers by acid

guanidinium thiocyanante-phenol-chioroform extraction (MRC, Cincinnati, OR)

following the method ofChomczynski and Sacchi (1987). Quantification ofGH and

VTG mRNA was carried out by homologous Northern dot blot hybridization (Riley et

al.,2002b). A homologous RNase protection assay was used to quantifY liver IGF-I

mRNA. cRNA probes for 1GF-I and J3-actin were prepared according to Kajimura et al.

(2002). The RNase protection assay was performed using RPA III kit (Ambion, Austin,

TX). Briefly, 20 Ilg of total hepatocyte RNA was hybridized with 2.0 x 104 cpm of each

32p_cRNA probe in 10 ml ofhybridization buffer overnight at 56°C. Samples were then

digested with RNase Tl (20 U/tube) for 1 hat 37°C, followed by precipitation, and

resuspended in gel-loading buffer. The protected fragments were fractionated through a

5% acrylamide 8 M urea gel. The gel was dried for 2 h at 80°C by a gel drier (Bio-Rad,

Hercules, CA). The relative density of each band was determined by exposing the gel to
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Phosphor-Imager screens (Amersham) and quantified using an image analysis software

(Amersham). The mRNA levels ofIGF-I were normalized to relative amounts ofl3-actin.

Statistical analysis

Differences among means were detennined using ANOVA followed by Fischer's

Least Significant Difference test. Calculations were performed using a computer

program, Statistica (Statsoft, Tulsa, OK).

RESULTS

Plmma GH and Pituitary GH mRNA

Plasma GR levels were significantly (P < 0.05) higher in control females than in

control males (Fig. 9a). Estradiol treatment in males significantly (P < 0.05) increased

plasma GR levels compared with control males. The level ofGR in the ~-treatedmales

was similar to that observed in control females. In contrast, DRT treatment in females

significantly (P < 0.05) reduced plasma GR levels compared with control females, the

level being similar to that in control males. There was no difference in pituitary GR

mRNA levels in the pituitary among any of the groups (Fig. 9b).

Plasma IGF-I and Liver IGF-I mRNA

Males exhibited significantly (P < 0.01) higher plasma IGF-I levels than females

(Fig. lOa). Estradiol treatment in males, however, significantly (P < 0.001) reduced

plasma IGF-I compared with control males. The plasma levels ofIGF-I in Ez-treated

males were similar to those observed in control females. In females, DRT treatment
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significantly (P < 0.001) increased plasma IGF-I levels to levels similar to those of

control males.

Liver IGF-l mRNA levels exhibited a pattern that was similar to those observed in

plasma IGF-I. Males had significantly (f < 0.01) higher IGF-I mRNA than females and

~-treated males. DHT treatment in females induced a significant (P < 0.05) increase in

IGF-I mRNA levels compared with control females (Fig. lOb).

Plasma VTG andLiver VTG mRNA

Vitellogenin was detected in the plasma of the control males (8 ± 3 Jig/ml).

However, VTG levels in control females were 400-500 times higher than those in control

males. Estradiol treatment in male tilapia significantly (P < 0.001) raised plasma VTG to

levels similar to those observed in control females. The androgen, DHT, had no effect on

plasma VTG levels in females (Fig. 11a).

Northern dot blot analysis demonstrated that there were detectable amounts of

VTG mRNA in control males (Fig. 11b). As expected, females had significantly (P <

0.001) higher levels ofVTG mRNA than control males. Estradiol treatment in males

significantly (P < 0.001) raised VTG mRNA although VTG mRNA levels were

significantly (P < 0.05) lower than those in control females. In females, there was no

effect ofDHT on VTG mRNA (Fig. lIb).
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Fig. 9. Effect ofEz and DHT on (a) plasma GH levels, and (b) pituitary GH

mRNA levels. Different letters are significantly different at P < 0.05. Data are

presented as mean ± SEM.
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Fig. 10. Effect of~ and DHT on (a) plasma IGF-I levels, and (b) liver IGF-I

mRNA levels. Different letters are significantly different at P < 0.01. Data are

presented as mean ± SEM.
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Fig. 11. Effect ofE2 and DHT on (a) plasma VTG levels, and (b) VTG mRNA

levels. Different letters are significantly different atP < 0.001. Data are presented as

mean± SEM.
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DISCUSSION

The present study indicates that gonadal steroid honnones differentially regulate

the production ofIGF-I and VTG in the tilapia, thus possibly inducing dissimilar growth

patterns in male and female tilapia. We found that treatment of male tilapia with Ez

produces a female-like GH/lGF-I profile, whereas treatment offemales with DHT

produces a male-like GH/lGF-I profile. Plasma GH levels were significantly elevated in

female and Ez-treated males compared with control males and DHT-treated females.

Plasma and liver mRNA levels ofIGF-I were significantly higher in control males and

DHT-treated females compared with control females and E2-treated males. Vitellogenin

production was stimulated in males by Ez treatment, but was unaltered by DHT treatment

in females. These findings suggest that estrogens induce a shift in the use of available

metabolic energy from somatic growth toward egg production.

Gonadal steroid honnones have been shown to regulate GH cell activity in several

teleost species (Peter and Marchant, 1995; Melamed et al, 1998). Long-tenn treatment

ofthe tilapia (0. mossambicus) with a synthetic androgen, MT, increased pituitary

content and GH mRNA, although there was no change in plasma GH levels (Shepherd et

al., 1997a; Riley et al., 2002b, see Chapter II). In the male hybrid tilapia (0. niloticus x

O. aureus) however, intraperotoneal injections ofMT increased plasma levels ofGH and

lowered GH levels in the pituitary (Melamed et al., 1995b). The absence of effect ofMT

on plasma OH in Mozambique tilapia may be due to simultaneous stimulation ofboth the

production and clearance ofGH. Badger et al. (1991) have shown in rats that androgens
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stimulate the clearance rate of GH. Estradiol treatment increased circulating levels of GH

in immature rainbow trout (Holloway and Leatherland, 1997) and goldfish (Zou et al.,

1997). In the present study, male tilapia and DHT-treated female tilapia exhibited

significantly lower plasma GH levels compared with control females and Ez-treated

males, although there was no difference in GH mRNA levels in the pituitary. The

differences in plasma and pituitary GH in response to gonadal steroid hormones observed

in these studies and those of others may possibly be due to a combination of factors, such

as the length and route ofthe treatment, doses of hormones, stage of sexual maturity,

clearance rate of GH, and the species. It is also to be noted that animals in most of the

studies were sampled at a single time point. During a 20-hour sampling period when

tilapia were sampled every 4 h, Melamed et al. (1995a) observed a peak in plasma GH

levels in the early evening and in the early morning hours in the male hybrid tilapia,

whereas the female tilapia exhibited some increase in plasma GH levels during the

middle ofthe day.

Evidence suggests that gonadal steroid hormones also alter the sensitivity of GH

cells to hypothalamic factors (Peter and Marchant, 1995). In sexually regressed or

immature trout, goldfish and tilapia, treatment with Ez or MT augmented the

effectiveness of gonadotropin-releasing hormone GnRH or growth hormone-releasing

factor GRF in stimulating GH release in vitro (Trudeau et at., 1992; Melamed et al.,

1995b; Holloway et al., 1997). For these reasons the effects we have observed may be

due to changes in the type or number of receptors for these factors and/or changes in the

second messenger pathways leading to GH release.
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Insulin-like growth factor-I is known to mediate many ofthe growth-promoting

actions of GH in teleosts (Siharath and Bern, 1993; Duan, 1997). Plasma and liver

mRNA levels ofIGF-I have been shown to be dependent upon nutrition, and they

correlated positively with growth in some species (McCormick et al., 1992a; Duan et al.,

1993; Moriyama et aI., 1994; Shimizu et al., 2000). Despite the fact that there is a

gender difference in growth in many species ofteleosts, there are few reports on the

effects of gonadal steroid hormones on IGF-I production and growth. We have

demonstrated that MT increases plasma and liver mRNA levels ofIGF-I and

subsequently body growth in the tilapia (Riley et al., 2002b, see Chapter II). In the

present study, DHT treatment in female tilapia significantly raised both plasma and liver

mRNA levels ofIGF-I to similar levels in males. Conversely, Ez treatment in males

significantly lowered both plasma and liver mRNA levels ofIGF-I to levels observed in

females. In the rat, DHT treatment significantly raised and Eztreatment significantly

reduced body weight, as well as plasma and liver mRNA levels (Borski et al., 1996). In

the present study, gonadal steroid hormones did not affect the growth of the animal,

possibly due to the short duration ofthe experiment (II days).

Vitellogenin, the precursor of egg yolk protein, is a complex

phospholipoglycoprotein produced in the liver under the stimulatory control of estrogens

in oviparous vertebrates (Kishida and Specker, 1993; Buerano et al., 1995; Mouchel et

al., 1996). In the tilapia, as in most teleosts, there are two forms ofVTG found in the

circulation. The antibody developed against VTG used in this study is a monoclonal

IgM, that recognizes both forms ofVTG (Heppell et al., 1995). Although VTG is

considered to be a female-specific protein, several studies have reported detectable levels
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ofVTG in male plasma (Copeland et al., 1986; Copeland and Thomas, 1988; Ding et aI.,

1989; Heppell et al., 1995). In this study, we also found significant levels ofVTG in the

plasma of control males, although the levels were 400-500 times lower than those found

in females. Our finding that E2 treatment in males induced plasma VTG and liver VTG

mRNA levels is compatible with previous reports in this species (Kishida and Specker,

1993; Buerano etal., 1995; Mouchel etal., 1996).

The difference in growth between male and female tilapia is likely due to a

gender-specific use of available energy. Male tilapia, which are larger than females, may

invest more available energy in somatic growth than females. This is suggested by the

gender difference in the GHIIGF-I profile observed in the present study. Androgen

treatment offemale tilapia raised plasma IGF-I and liver IGF-I mRNA levels and reduced

plasma GH to levels that were similar to those observed in control male tilapia. The

reduction of plasma GH in androgen-treated females may result from negative feedback

from elevated plasma IGF-I levels and from an increased clearance rate ofGH. It has

been shown that IGF-I is a potent inhibitor ofGH cell activity in teleosts (Duan, 1997;

Fruchtman et aI., 2000; Kajimura et aI., 2002). Androgens have also been shown to

stimulate the clearance rate of GH from rats (Badger et al., 1991). On the other hand,

estrogen treatment of males induced a female-like GH-IGF-I profile. Plasma levels of

GH and VTG were elevated, whereas plasma and hepatic mRNA levels oflGF-I were

suppressed. Growth hormone is known to stimulate not only liver IGF-I synthesis but

also to potentiate the effect ofE! on VTG production in the eel (Kwon and Mugiya,

1994; Peyon et al., 1996; 1998). In the female tilapia, the elevated levels ofE! during the

breeding season appear to inhibit liver IGF-I production, and increase plasma GH
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(Cornish, 1998). The elevated levels ofGH may act synergistically with E2 to induce

vitellogenesis.

Thus, the female tilapia may sacrifice somatic growth in the interest of

reproduction, i.e. egg production. Conversely, increased overall body size will convey an

advantage to males that defend nests to attract females for spawning. These differing

selection pressures will make the partitioning ofenergy profoundly important to success

in passing genes to future generations.
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CHAPTER V

Estrogen Differentially Regulates ViteUogenin and Insulin-like Growth Factor-I

Production in tbe Primary Hepatocytes of the Tilapia, Oreochromis nwssambicus

ABSTRACT

To investigate the mechanisms regulating the differential growth rates between

male and female tilapia, in vitro effects of 1713-estradiol (~) and 5a-dihydrotestosterone

(DRT) were examined on the production ofinsulin-like growth factor-I (IGF-I) and

vitellogenin (VTG) by using a primary hepatocyte culture. In female hepatocytes, Ez at

concentrations from 0.1-100 jJM significantly stimulated VTG release in a dose-related

manner, whereas a significant reduction in IGF-I mRNA expression was observed at 10

and 100 jJM. Estradiol was less effective in male hepatocytes, increasing VTG and

decreasing IGF-I production at the highest dose (100 J..lM). In male hepatocytes,

0.1-100 J..lM DHT significantly increased IGF-I expression in a dose-related manner.

Interestingly, DRT stimulated VTG release and inhibited IGF-I expression in female

hepatocytes at the highest dose (100 jJM), possibly due to non-specific binding ofDRT to

the estrogen receptor. The different sensitivity of hepatocytes to gonadal steroids

between male and female, suggests estrogens are involved in re-directing metabolic

energy from growth (IGF-I production) and toward reproduction (VTG production), and

that the greater growth achieved by males is due, at least in part, to stimulation ofhepatic

production ofIGF-I by the liver by androgens.
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INTRODUCTION

As in many vertebrate species, the tilapia (Oreochromis mossambicus) exhibits a

sexually dimorphic pattern ofgrowth, with males growing faster and larger than females.

This difference in growth appears to be regulated to some extent by gonadal steroid

effects on the growth hormone (GH) / insulin-like growth factor-I (IGF-I) axis (Jansson

et aI., 1984; 1985; Wehrenberg and Giustina, 1992). Insulin-like growth factor-I is a

mitogenic factor that is synthesized primarily in the liver of all vertebrates and mediates

many ofthe growth-promoting actions ofGH (Duan, 1997). Several studies have

demonstrated that estrogens decrease and androgens increase body weight, liver

expression ofIGF-I, and plasma levels ofIGF-I in mammals (Krattenmacher et aI., 1994;

Sahlin et al., 1994; Westley and May, 1994; Borski et al., 1996), and in tilapia (Kuwaye

et al., 1993; Riley et al., 2003, see Chapter IV).

The liver is also the site ofvitellogenin (VTG) synthesis, a female specific

protein, which is the precursor to egg yolk protein in all oviparous species (Todo et al.,

1995; Flouriot etal., 1996; 1997). Vitellogenin is transported to the developing oocytes

and cleaved into yolk proteins that are used as an energy source for the developing

embryo (Wahli et al., 1981). Estrogen treatment in a variety of male fish has been shown

to induce both gene expression and plasma levels ofvitellogenin (Sundararaj et al., 1982;

Kishida et al., 1992; Kishida and Specker, 1993; Takernura and Kim, 2001; Riley et al.,

2003, see Chapter IV). The use of primary hepatocyte cultures has been shown to be a

valuable tool for investigating the direct effects E.J on VTG production (Vaillant et al.,

1988; Kwon and Mugiya, 1994; Peyon et al., 1998).
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Although E2 is the main stimulus ofVTG synthesis, other hormonal requirements

have been reported. It is well established that GH is a potent stimulus ofIGF-I synthesis

and release in all vertebrates studied (Green et ai., 1985; Duan, 1997; LeRoith et ai.,

2001). In tilapia, IGF-I mRNA in the liver and gills increased following exogenous GH

treatment (Shepherd et ai., 1997b). In addition to its stimulation ofhepatic IGF-I

synthesis, GIl, but not IGF-I, acts directly on the liver to potentiate fu induction of VTG

production, however GH alone had no effect (Kwon and Mugiya, 1994; Peyon et aL,

1996; 1998).

Vertebrates possess a finite amount of metabolic energy that must be partitioned

in a manner that optimizes fitness. The slower growth observed in female tilapia may

result from the redirection ofmetabolic energy from growth to reproduction and

vitellogenesis. Conversely, male tilapia invest less energy in gamete production and

therefore, are able to invest more metabolic energy in growth. This shift in energy

investment may be mediated through differential actions of estrogens and androgens on

IGF-I and VTG production, and may represent an important focal point in determining

the different growth rates ofmale and female tilapia. As described in Chapter IV,

exogenous E2 treatment ofmale tilapia significantly decreased liver expression and

circulating levels ofIGF-I, whereas liver expression and plasma VTG levels were

significantly increased. By contrast, the androgen, DRT, significantly increased IGF-I

mRNA levels in the liver and circulating levels ofIGF-I in female tilapia without any

measurable effects on VTG expression (Riley et ai., 2003, see Chapter IV). This chapter

describes the direct effects of gonadal steroids on IGF-land VTG synthesis by

hepatocytes.
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MATERIALS AND METHODS

Isolation ofhepatocytes

Hepatocytes were isolated according to Sclunid et al. (2000), with minor

modifications. Sexually mature male and female tilapia (150-200 g) were anesthetized in

MS222 (0.5 gil, buffered with 0.75 gil NaHC03) and subsequently given an

intraperitoneal injection of3000 V heparin (Sigma, St. Louis, MO) dissolved in 0.5 ml

physiological saline. After rapid decapitation, the liver was exposed and a Imm-diameter

catheter was introduced into the sinous venosus. The liver was perfused with 20 ml of

Buffer I (142 mM NaCl, 5.4 mM KCl, 0.42 mM NazHP04, 0.44 mM KHZP04, 0.43 mM

NaHC03) at a flow rate of I ml/min by gravity flow to remove any blood clots. The liver

was digested with 0.5 mglml collagenase D in 20 mI ofBuffer I until visual observation

of tissue breakdown. The liver was placed carefully in a sterile petri dish in Buffer II

(Buffer I + 2.4 mM CaCb), and fat and connective tissue were removed. The liver was

diced into small pieces and filtered through a sterile mesh screen (50 I-lm). The

supernatant was centrifuged at 70g for 5 min at 4°C, decanted and washed twice with 25

mI ofBuffer II. After the final wash, cells were re-suspended in the appropriate volume

ofLeibovitz L-15 (Gibco, New York, pH 7.4), supplemented with 100 mgll of

streptomycin, 10 x 106 VII ofpenicillin and 5mM ofNaHC03 to yield 2 x 106 cells/mi.

One mI of suspended cells was added to each well of a 6-well primaria plate (Fisher,

Pittsburgh, PA.). Cells were incubated under 95% Oz/ 5% COz at 25°C for 24 h to allow

the cells to adhere to the plate. Prior to all experiments, I demonstrated that hepatocytes

remained alive for 7 days as determined by the trypan blue exclusion test.
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Direct Effect ofE2 and DHT on Liver Function:

Estradiol and DHT (Sigma, S1. Louis, MO) were dissolved in 95% ethanol and

then suspended in L-15 medium. Twenty-four h after the cells were plated, the medium

was replaced with medium containing 0,1·100 IJ,M ofeither E2 or OHT. Cells were

cultured for an additional 48 h, Medium was collected for determination ofVTG release

and then I ml ofTri-Reagent (MRC, Cincinnat~ OH) was added to lyse the cells and

release RNA The RNA was collected for analysis ofIGF-I expression.

Synergistic/Antagonistic Effects ofGH andE2on VTG and IGF-I Production:

To eliminate the influence of endogenous E2 on VTG release, only male

hepatocytes were used to investigate the possible synergistic or antagonistic effects of

GH and E2 on VTG and IGF-I production, Hepatocytes were isolated, dispersed and

plated as above, Following the 24 h pre-incubation, the medium was replaced with one

containing 10 IJ,M ofE2 and increasing concentrations ofGH (1, 10, and 50 nglml), Cells

were exposed to the hormones for 48 h and then medium and RNA were collected as

above. The concentration of ethanol never exceeded 0.1%,

VTGELISA

Plasma VTG levels were measured by homologous ELISA according to Denslow

et at. (1999) using the antibody developed by Heppell et ai, (1995). Briefly, 50 Il1 of

sample was added to each well of a 96-well plate and incubated overnight at 4 DC. The

wells were washed 4 times with TBST (pH 7, 10 roM Tris-HCI, 150 roM NaCl, 0,05%
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Tween). Unbound sites were blocked with 350 III ofblocking buffer (TBST + 1% BSA),

and incubated for 2 h at room temperature. The wells were then washed 4 times with

TBST followed by incubation with 0.5 mg/m1 anti-VTG antibody in blocking buffer and

incubated overnight at 4 DC. The wells were then washed 4 times with TBST. Fifty III of

secondary antibody (Calbiochem, La Jolla, CA) diluted 1: 100 in blocking buffer was

added, incubated for 2 h at room temperature and then washed 4 times with TBST. One

hundred III of p-nitrophenyl phosphate disodium salt (Calbiochem) in substrate buffer (30

roM Na2COJ, 2 roM MgCh; 1 mg/m1) was added, and incubated for 30 min at room

temperature. The reaction was stopped by the addition of 50 III of 3 M NaOH. The

intensity ofcolor development was then quantified at 405 urn with a SpectraCount plate

reader (Packard, CN).

RNA Isolation and IGF-I RNase Protection AssLry

Total RNA was extracted from hepatocytes by acid guanidinium thiocyanante

phenol-chloroform extraction (MRC, Cincinnati, OR) following the method of

Chomczynski and Sacchi (1987). A homologous RNase protection assay was used to

quantifY hepatocyte IGF-I mRNA. cRNA probes for IGF-I and ~-actin were prepared

according to Kajimura et at. (2002). The RNase protection assay was performed using

RPA III kit (Ambion, Austin, TX). Briefly, 20 Ilg of total hepatocyte RNA was

hybridized with 2,0 x 104 cpm ofeach 32p _cRNA probe in 10 ml ofhybridization buffer

overnight at 56 DC, Samples were then digested with RNase Tl (20 U/tube) for 1 hat 37

DC, followed by precipitation, and they were re-suspended in gel-loading buffer. The
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protected fragments were fractionated through a 5% acrylamide 8 M urea gel. The gel

was dried for 2 h at 80°C by a gel drier (Bio-Rad, Hercules, CA). The relative density of

each band was determined by exposing the gel to Phosphor-Imager screens (Amersham)

and quantified using an image analysis software (Amersham). The mRNA levels ofIGF-

I were normalized to relative amounts of p-actin.

Statistical alUllysis

Differences among means were determined using ANOVA followed by Fischer's

Least Significant Difference test. Calculations were performed using a computer

program, Statistica (Statsoft, Tulsa, OK).

RESULTS

Effect C?fE 2 and DHT on VTG release

To investigate the role ofE2 and DHT in regulating the differing growth rates

observed in male and female tilapia, primary hepatocyte cultures from each sex were

employed. In hepatocytes from female tilapia, VTG release was significantly (P < 0.01)

and dose-dependently (r = 0.92, P < 0.001) stimulated by E2 at all doses (0.1-100~)

after 48 h ofincubation. Hepatocytes from males were less responsive than those from

females. ViteIIogenin release was significantly (P < 0.001) stimulated only at the highest

dose (100 !-1M) of~ (Fig. 12).

The effect ofDHT on VTG release from hepatocytes from female tilapia

produced unexpected results. The highest dose ofDHT (100 !-1M) significantly (P <

0.001) increased VTG release. This effect might result from the non-specific binding of
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DHT to the estrogen receptor. As a control, the effect ofDHT on VTG release from male

hepatocytes was investigated, and there was no response (Fig. 12).
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Fig. 12. Effect ofE2 on VTG release in female (A) and male (B)
hepatocytes, and the effect ofDHT on VTG release in female (C) and
male (D) hepatocytes after 48 h of exposure. Estradiol stimulated VTG
release in a dose-related manner in female hepatocytes. Vertical bars
indicate mean + SEM. (n=7-8). Significantly different from control (0
dose) at ** P < 0.01 and *** P < 0.001.
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Effect ofE2 and DHT on IGF-I expression

The effects offu and DRT on IGF-I expression in hepatocytes taken from male

and female tilapia are illustrated in Fig. 13. Estradiol inhibited IGF-I expression in a

dose-related manner

(r = -0.091, P < O.001) in female hepatocytes, with the two highest doses (10 and 100

~ causing significant inhibition (P <0.001). IGF-I expression was reduced in male

hepatocytes with the highest dose (IOO~) being significant (P < 0.01). Paradoxically,

the highest dose ofDRT significantly (P < 0.001) reduced 1GF-I expression from female

hepatocytes. In male hepatocytes, DRT significantly (P < 0.001) increased IGF-I

expression at all doses tested, and the effect was dose-dependent (r = 0.9, P < 0.01).

Synergistic!Antagonistic Effect GH and E2 on VTG and IGF-I Production:

Male hepatocytes were used to investigate the effects of synergistic or

antagonistic effects ofGR and E2 on VTG and IGF-I production. In this study, 10 J-lM fu

had no significant effect on VTG release from male hepatocytes. Co-incubation of 10

~ offu and 10 ng/ml ofGR significantly (P < 0.05) increased VTG release above that

ofE2 (10 J-lM) alone. Estradiol (10~ significantly (P < 0.05) inhibited IGF-I

expression in male hepatocytes. Growth hormone (1 - 50 ng/ml) co-incubated with 10

~ offu was unable to reverse the inhibitory effect offu on IGF-I expression after 48 h

ofincubation (Fig. 14).
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Fig. 13. Effect of~ on IGF-I expression in female (A) and male (B) hepatocytes,
and the effect ofDHT on IGF-I expression in female (C) and male (D) hepatocytes
after 48 h of exposure. Vertical bars indicate mean + SEM. (n=7-8). Significantly
different from control (0 dose) at ** P < 0.01 and *** P < 0.001.
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Fig. 14. Effect ofee-incubation ofGH and I%! on VTG release (A) and IGF-I
expression (8). Hepatocytes were exposed to the combination of 10~ ofE2 and
various concentrations ofGH for 48 h. Open bars represent the hepatocytes
incubated without E2or GH. Solid bars represent 10~ ofE2. Vertical bars
indicate mean + SEM. (n=7-8). Different letters are significantly different at P <
0.05.
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DISCUSSION

In many fish, as well as in most mammalian species, females are smaller than

their male counterparts. To investigate the mechanism that might regulate the differential

growth rates observed in the tilapia, effects ofE2 and DHT were examined on IGF-I and

VTG production using a hepatocyte culture. The present results clearly demonstrate that

E2 and DHT elicited direct and opposite effects on liver production ofIGF-I. The

observation that E2 significantly stimulated VTG release and inhibited IGF-I expression

provides evidence for a mechanism that redirects available metabolic energy away from

growth and toward reproduction in females. Furthermore, the accelerated growth

observed in male tilapia is possibly a result of stimulation ofhepatic IGF-I production by

androgens. Growth hormone in combination with E2 augmented VTG release, although

GH did not affect the inhibitory effect ofE2 on IGF-I expression.

Although there are many reports on the role ofgonadal steroid hormones

regulating GH release, in attempts to explain the differential growth rates observed

between males and females, very little has been studied on the effects of gonadal steroid

hormones on liver IGF-I production (Jansson et aI., 1984; 1985; Wehrenberg and

Giustina, 1992). The liver is the primary source of circulating IGF-I in all vertebrates

(Duan, 1997; LeRoith et al., 2001). The current study is the first in any teleost to

demonstrate that E2 and DTH directly affect IGF-I gene expression in tilapia hepatocytes.

In the rat, E2 treatment inhibited somatic growth in paral1el with a significant reduction in

plasma IGF-I and liver IGF-I gene expression, whereas DHT stimulated growth, and

increased plasma IGF-I and liver IGF-I mRNA levels (Westley and May, 1994; Borski et
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al., 1996). Similar findings have been reported in the tilapia; plasma levels ofIGF-I as

well as liver IGF-I gene expression were significantly reduced or stimulated after in vivo

E2 or DHT treatment, respectively (Riley et al., 2003, see Chapter IV). In general,

however, the effect of~ on IGF-I expression appears to be tissue dependent. In bone

derived cells, rat uterus, and breast cancer cells, E2 treatment increased IGF-I mRNA

levels (Ernst et al., 1989a; 1989b; Gray, 1989; Sahlin et al., 1994; Surmacz, 2000;

Dupont and LeRoith, 2001), suggesting that tissue-specific mitogenic effects ofIGF-I are

separated from its systemic somatic growth-promoting actions (Westley and May, 1994).

It is generally accepted that females invest more metabolic energy into

reproduction than males. In female birds, egg production has been estimated to account

for 45-60 % ofthe basal metabolic rate (see Vezina and Williams, 2002). A major

process ofegg development is vitellogenesis, the production of the precursor to egg yolk

protein by the liver. Vitellogenesis is primarily under the stimulatory control of~, and

~ treatment in males is known to induce VTG production in all oviparous species

examined to date, including teleosts (Kishida and Specker, 1993; Todo et al., 1995;

Flouriot et al., 1996; 1997; Takemura and Kim, 2001). Consistent with previousreports,

the present study also demonstrates that~ stimulates the VTG production in hepatocytes

from both male and female tilapia. Together with the finding that~ inhibits IGF-I gene

expression, these results provide strong evidence that E2 is likely the signal that shifts the

use ofmetabolic energy away from growth (IGF-I production) toward reproduction

(VTG production) in the female tilapia. This shift in energy usage most likely results in

the differential growth rates observed in the tilapia.
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Unexpectedly in females, the highest dose (100 !JM) ofDHT was found to inhibit

IGF-I gene expression and stimulate the release ofVTG. There are conflicting reports on

the effect of androgens on VTG production. Lazier et al. (1996) demonstrated that

exogenous treatment ofMT in mature tilapia inhibited VTG gene expression. Since MT

treated tilapia showed a marked reduction in serum ~, it is suggested that MT inhibits

gonadotropin release at the hypothalamic level. On the other hand, exogenous treatment

ofMT induced VTG synthesis in male goldfish (Hori et aI., 1979). A similar stimulatory

effect ofhigh (20 fJM) and low doses (2 nM) of androgens (testosterone, androsterone,

methyhestosterone) was found in rainbow trout hepatocytes (Mori et al., 1998). There

are reports that some androgens (i.e. DHT) can compete for estrogen receptor (ER)

binding and that high levels of androgens can stimulate ER activation of an estrogen

response element (ERE)-containing promoter (Le Menn et aI., 1980; Le Drean et al.,

1985).

Until recently it was thought that a single estrogen receptor (ER), ERu, was

responsible for all ofthe biological actions of~ and antiestrogens. The cellular

responses to ER ligands appears to be much more complex since the identification of a

second ER (ER13) in mammals (Kuiper et al., 1996). In the current study, we

demonstrated that the same dose ofE2 can simuhaneously stimulate VTG and inhibit

IGF-I production from the liver. These findings appear paradoxical since both genes are

regulated by E2. It has been demonstrated that the promoter region ofvitellogenin is

activated by E2 via the ERE (Hyder et al., 1995). The IGF-I promoter region, however,

contains an AP-l binding site that is also involved in E2 dependent gene function

(Umayahara et al., 1994; Kajimoto and Umayahara, 1998). Paech et al. (1997)
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demonstrated that E:z when complexed with ERa. activated transcription, whereas with

ERI3, E2 inhibited transcription in HeLa cells. Subsequently, it has been observed that

ERa and ERI3 activate gene transcription through different promoter regions and with

different specificity in mammals (Hall and Korach, 2002). Together, these data suggest

that the E:z response in the hepatocytes may be mediated through differential activation of

the ERs. Three ERs, ERa, ERI3, ERy, have been identified in teleosts (Todo et al., 1996;

Tchoudakova et al., 1999; Hawkins et al., 2000; Socorro et al., 2000; Kim et al., 2002)

however, the roles of these receptors have not yet been investigated.

In addition to its stimulation of hepatic IGF-I synthesis, GH also appears to act

directly on the liver to synetgize with E:z in the induction of VTG production in the eel

(Kwon and Mugiya, 1994; Peyon et al., 1996; 1998). In this study, GH in combination

with E:z significantly increased the release of VTG above that ofE:z alone. In the

European eel, GH treatment increased hepatic ER levels in vitro (Messaouri et al., 1991).

This suggests that the potentiating effect of GH on VTG production may be mediated

through induction ofER synthesis, thus increasing the responsiveness of the liver to E2.

We also observed that GH was unable to overcome the inhibitory effect ofE2 on

IGF-I gene expression. In mouse hepatocytes, although E:z or GH alone did not affect

GH receptor (GRR) expression, the combination GH and E2 up-regulated the GRR

(Contreras and Talamantes, 1999). Schmid et al. (2000) observed that GH's stimulatory

action on IGF-I gene expression is time dependent, peaking after 8 h ofincubation and

returning to control levels after 12 h. In the present study, hepatocytes were exposed to

GR and E:z simultaneously for 48 h. To understand the interaction ofGR and E:z on IGF-I
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expression fully, a time-course study will need to be undertaken. Short-term exposure of

GH to hepatocytes may reverse the inhibitory effect ofE2 on IGF-I.

In summary, this study demonstrated for the first time in any teleost direct

regulation ofIGF-I by gonadal steroid hormones. Estradiol treatment in both male and

female hepatocytes significantly inhibited IGF-I expression and stimulated VTG release.

Dihydrotestosterone significantly stimulated IGF-I gene expression in male hepatocytes.

These findings provide evidence for a mechanism that might account for the differing

growth rates observed in tilapia. Furthermore, the culture system used in this study

provides an ideal system to further studies investigating the mechanisms involved in the

regulation ofVTG and IGF-I production.
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CHAPTER VI

CONCLUDING REMARKS

The demand for seafood has increased, yet wild catch has reached maximum

sustainable yield. By the year 2050 the global population is expected to rise to over 9

billion, placing tremendous pressure on food-production systems (McLean and Devlin,

2000; Naylor et al., 2000). Tilapia has become ltn increasingly popular fish entree in the

U.S., and domestic retail sales oftilapia have surpassed those of trout since 1995.

Furthermore, the total number of tilapia imported has steadily increased since 1995

(American Tilapia Association, 2002), the first full year tilapia imports were reported,

from 15 million pounds to 70 million pounds in 2002 (USDA/ERS, 2002). Despite the

continued increase in demand for tilapia, the mechanisms that regulate growth in this

warm-water teleost are poorly understood compared with those of cold-water species

such as salmonids (Donaldson et al., 1979; McLean and Devlin, 2000). Farming

carnivorous fish species such as salmonids, seabreams and flounders puts an additional

demand on ocean fisheries, since wild species remain the principal ingredient of their

food. Therefore, the culture of omnivorous fish such as tilapia is essential to sustaining

both farmed and capture fisheries (Naylor et al., 2000; Watson and Pauly, 2001). The

results from the present studies, while in no way exhaustive, have described novel and

useful information on the regulation of metabolism and growth in the tiIapia, which will

also aid in optimizing the growth of other fish species.
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It has been repeatedly shown that tilapia (Oreochromis mossambicus) raised in

SW grows significantly larger and faster than tilapia raised in FW, and growth is

augmented by exogenous treatment ofMT in both salinities (Howerton et al., 1992;

Kuwaye et al., 1993; Ron et a!., 1995). In Chapter II, I characterized the role the

GHlIGF-I axis plays in tilapia raised in SW and FW with and without exogenous MT

treatment. MT treatment and SW-rearing stimulate the GHlIGF-I axis in the tilapia at the

level of the pituitary and liver. There is an apparent additive effect of SW and MT on

body weight, pituitary GH mRNA, and circulating IGF-I levels but not on circulating

levels of GH. The accelerated growth in the MT-treated tilapia in SW may be due to the

increase in available metabolic energy coupled with a more efficient utilization of the

metabolic energy. This is supported by the observations in which the metabolic rate was

found to be lower in SW tilapia than in FW tilapia (Ron et al., 1995; Iwama et al., 1997;

Sparks et al., 2003).

Besides their growth-promoting actions, GH and IGF-I have been implicated as

regulators ofSW adaptation in euryhaline fish including the tilapia (Sakamoto and

Hirano, 1993; Sakamoto et al., 1993; Duan, 1997; McCormick, 2001). Chapter III

describes the effects of salinity transfer from SW to FW on growth and the GHlIGF-I

axis in the tilapia Consistent with its importance in FW osmoregulation, PRL levels are

elevated in FW (McCormick, 2001; Manzon, 2002). I observed a significant correlation

between body weight and mRNA levels ofGH and IGF-I but not with plasma levels of

GH and IGF-L These results suggest that transferring the tilapia to FW activates certain

aspects of the GHlIGF-I axis, but growth is still inhibited, possibly due to the greater

metabolic cost ofosmoregulation in FW than in SW.
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As in many vertebrate species, the tilapia exhibits a sexually dimorphic pattern of

growth with males growing faster and larger than females. This difference in growth

appears to be regulated to some extent by gonadal steroid effects on the GHlIGF-I axis

(Jansson etal., 1984; 1985; Wehrenberg and Giustina, 1992). The difference in growth

between male and female tilapia is likely due to a gender-specific use of available energy.

This is suggested by the gender difference in the GHlIGF-I profile described in Chapter

IV. Androgen treatment offemale tilapia raised plasma IGF-I and liver IGF-I mRNA

levels and reduced plasma GH to levels that were similar to those observed in control

male tilapia. The reduction ofplasma GH in androgen-treated females may result from

negative feedback from elevated plasma IGF-I levels and from an increased clearance

rate ofGH. It has been shown that IGF-I has a negative feedback effect on GH cell

activity in vertebrates in general (Duan, 1997; Fruchtman et al., 2000; Kajimura et al.,

2002). Androgens have also been shown to increase the clearance rate ofGH from rats

(Badger et al., 1991). On the other hand, estrogen treatment ofmales induced a female

like GHlIGF-I profile. Plasma levels ofGH and VTG were elevated, whereas plasma and

hepatic mRNA levels ofIGF-I were suppressed. This study demonstrates that gonadal

steroid hormones regulate, to some C4tent, the GHIIGF-I axis and ultimately growth in

the tilapia.

The last study, described in Chapter V, demonstrates, for the first time in any

teleost, direct regulation ofIGF"I by gonadal steroid hormones. Estradiol-l 713 treatment

in hepatocytes isolated from both male and female tilapia significantly inhibited IGF-I

expression and stimulated VTG release. Dihydrotestosterone significantly stimulated

IGF-I gene expression in male hepatocytes. Growth hormone is known to stimulate not
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only liver IGF-I synthesis but also to synergize with E2 in stimulating VTG production in

the eel (Kwon and Mugiya, 1994; Peyon et al., 1996; 1998)' In the female tilapia, the

elevated levels ofE2 during the breeding season appear to inhibit liver IGF-I production,

and increase plasma GH levels (Cornish, 1998). The elevated levels ofGH may act

synergistically with~ to induce vitellogenesis. I demonstrated in hepatocytes of the

male tilapia that GH potentiates the stimulatory effect of~ on VTG production, but GH

was unable to reverse the inhibitory effect ofE2 on IGF-I gene expression. These results

suggest that the female tilapia may sacrifice somatic growth in the interest of

reproduction, i.e. egg production. Conversely, increased overall body size will convey an

advantage to males that defend nests to attract females for spawning. These differing

selection pressures will make the partitioning ofenergy profoundly important to success

in passing genes to future generations.

The work described in my dissertation is part of a larger effort designed to further

the understanding ofthe mechanisms that govern growth and development in an

important aquaculture species, a euryhaline tilapia.

96



REFERENCES

Asakawa, A, Inui, A, Kaga, T., Yuzuriha, H., Nagata, T., Deno, N., Makino, S.,

Fujimiya, M., Niijima, A, Fujino, M. A, and Kasuga, M. (2001). Ghrelin is an

appetite-stimulating signal from stomach with structural resemblance to motilin.

Gastroenterology 120, 337-345.

American Tilapia Association. (2002). www.ag.arizona.edu/azaqualata.htrnl.

Ayson, F. G., Kaneko, T., Tagawa, M., Hasegawa, S., Grau, E. G., Nishioka, R. S., King,

D. S., Bern, R. A, and Hirano, T. (1993). Effects of acclimation to hypertonic

environment on plasma and pituitary levels of two prolactins and growth hormone

in two species oftilapia Oreochromis mossambicus and Oreochromis niloticus.

Gen. Compo Endocrinol. 89, 138-148.

Badger, T. M., Millard, W. J., Owens, S. M., LaRovere, J., and O'Sullivan, D. (1991).

Effects ofgonadal steroids on clearance ofgrowth hormone at steady state in the

rat. Endocrinology 128, 1065-1072.

Barreca, A, Bozzola, M., Cesarone, A, Steenbergh, P. R., Rolthuizen, P. E., Severi, F.,

Giordano, G., and Minuto, F. (1998). Short stature associated with high

circulating insulin-like growth factor (IGF)-binding protein-l and low circulating

IGF-II: Effect ofgrowth hormone therapy. J. Clin Endocrinol. Metab. 83, 3534

3541.

Barry, R. P., and Grau, E. G. (1986). Estradiol-1713 and thyrotropin-releasing hormone

stimulate prolactin release from the pituitary gland of a teleost fish in vitro. Gen.

Camp. Endocrinol. 62,306-314.

97



Beckman, B. R., Larsen, D. A, Moriyama, S., Lee-Pawlak, B., and Dickhoff, W. (1998).

Insulin-like growth factor-I and environmental modulation of growth during

smoltification of spring chinook salmon (Oncorhynchus tshawystscha). Gen.

Comp. Endocrinol. 109,325-335.

Bern, H. A, McCormick, S. D., Kelley, K. M., Gray, E. S., Nishioka, R. S., Madsen, S.

S., and Tsai, P. I. (1991). Insulin-like growth factors "under water": role in growth

and function offish and other poikilothermic vertebrates. In "Modem Concepts of

Insulin-like Growth Factors." (E. M. Spencer, Eds.), pp. 85-96. Elsevier Science

Publishing Co., Inc., New York.

Blazquez, M., Bosma, P. T., Fraser, E. 1., Van Look, K. 1. w., and Trudeau, V. L. (1998).

Fish as models for the neuroendocrine regulation ofreproduction and growth.

Comp. Biochem. Physiol. C 119, 345-364.

Bluet-Pajot, M. T., Epelbaum, 1., Gourdji, D., Hammond, C., and Kordon, C. (1998).

Hypothalamic and hypophyseal regulation ofgrowth hormone secretion. Cell

Mol. Neurobiol. 18, 101-123.

Borski, R. 1., Helms, L. M. H, Richman, N. H, and Grau, E. G. (1991). Cortisol rapidly

reduces prolactin release and cAMP and 45Ca2+ accumulation in the cichlid fish

pituitary in vitro. Proc. Natl. Acad. Sci. USA 88, 2558-2762.

Borski, R. J., Yoshikawa, 1., Madsen, S. S., Nishioka, R. S., Zabetian, C., Bern, H A,

and Grau, E. G. (1994). Effects of environmental salinity on pituitary groWth

hormone content and cell activity in the euryhaline tilapia, Oreochromis

mossambicus. Gen. Comp. Endocrinol. 95, 483-494.

98



Borski, R. J, Tsai, w., DeMott-Friberg, R., and Barkan, A. L. (1996). Regulation of

somatic growth and the somatotropic axis by gonadal steroids: Primary effect on

insulin-like growth factor I gene expression and secretion. Endocrbwlogy 137,

3253-3259.

Brill, R., Swimmer, Y., Taxboe1, C., Cousins, K., and Lowe, T. (2001). Gill and intestinal

Na+,K+-ATPase activity, and estimated maximal osmoregulatory costs, in three

high-energy-demand teleosts: yellowfin tuna (Thunnus albacares), skipjack tuna

(Katwuwonus pelamis), and dolphin fish (Coryphaena hippurus). Marine BioI.

138,935-944.

Buerano, C, C., Inaba, K., Natividad, F. F., and Morisawa, M. (1995). Vitellogenin of

Oreochromis niloticus: Identification, isolation, and biochemical and

immunological characterization. J. Exp. Zool. 273, 59-69.

Caufriez, A. (1997). The pubertal spurt: effects of sex steriods on growth hormone and

insulin-like growth factor I. Euro. J. Obst. and Gynec. and Reprod. Bio. 71, 215

217.

Cech, J J (1990). Respirometry. In "Methods for Fish Biology" (C. B. Schreck and P. B.

Moyle, Eds.), pp. 335-363. American Fisheries Society, Bethesda, MD.

Chomczynski, P., and Sacchi, N. (1987). Single-step method ofRNA isolation by acid

guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem. 162, 156

159.

Clark, P. A., and Rogol, A. D. (1996). Growth hormones and sex steroid interactions at

puberty. Endocrinol. Metab. Clin. 25,665-681.

99



Cohick, W. S., and Clemmons, D. R. (1993). The insulin-like growth factors. Ann. Rev.

Physiol. 55, 131-153.

Contreras, B., and Talamantes, F. (1999). Growth hormone (GH) and 1713-estradiol

regulation ofthe expression of mouse GH receptor and GH-binding protein in

cultured mouse hepatocytes. Endocrinology 140, 4725-4731.

Copeland, P. A., Sumpter, 1. P., Walker, T. K., and Croft, M. (1986). Vitellogenin levels

in male and female rainbow trout (Salmo gairdneri Richardson) at various stages

ofthe reproductive cycle. Compo Biochem. Physiol. B 83, 487-493.

Copeland, P. A., and Thomas, P. (1988). The measurement ofplasma vitellogenin levels

in a marine teleost, the spotted seatrout (Cynoscion nebulosus) by homologous

radioimmunoassay. Comp. Biochem. Physiol. B 91, 17-23.

Cornish, D. A. (1998). Seasonal steroid hormone profiles in plasma and gonads of the

tilapia, Oreochromis mossambicus. Water SA 24,257-263.

Crawford, B. A., and Handelsman, D. J. (1996). Androgens regulate circulating levels of

insulin-like growth factor (IGF)-I and IGF binding protein-3 during puberty in

male baboons. J. Clin. Endocrinol. Metab. 81, 65-72.

Danzman, R. G., Van Der Kraak, G. 1., Chen, T. T., and Powers, D. A. (1990). Metabolic

effects ofbovine growth hormone and genetically engineered rainbow trout

growth hormone in rainbow trout (Oncorhynchus mykiss) reared at a high

temperature. Can. J. Fish Aquatic Sciences. 47,1292-1301.

Denslow, N. D., Chow, M., Kroll, K. 1., and Green, L. (1999). Vitellogenin as a

biomarker of exposure to estrogen or estrogen mimics. Ecotoxicology 8, 385-398.

100



Ding, J. L., Hee, P. L., and Lam, T. J. (1989). Two forms ofvitellogenin in the plasma

and gonads ofmale Oreochromis aureus. Compo Biochem. PhysioL B 93, 363

370.

Donaldson, E. M., Fagerlund, U. H. M., Higgs, D. A., and McBride, J. R. (1979).

Hormonal enhancement ofgrowth in fish. In "Fish Physiology: Bioenergetics and

Growth" (W. S. Hoar, D. 1. Randall and 1. R. Brett, Eds.), Vol. 8 pp. 456-597.

Academic Press, New York.

Donaldson, E. M., and Down, N. E. (1993). Hormonal enhancement of growth. In

"Recent Advances in Aquaculture IV" (J. F. Muir and R. J. Roberts, Eds.), pp.

109-120. Blackwell Scientific Publications, London.

Down, N. E., and Donaldson, E. M. (1991). Prospects for growth acceleration in

salmonids utilizing biologically active proteins and peptides. Can. Tech. Rep.

Fish. Aquat. Sci. 1831, 141-152.

Duan, C., and Hirano, T. (1990). Stimulation of ["S]-sulfate uptake by mammalian

insulin-like growth factor I and II in cultured cartilages of the Japanese eel,

Anguillajaponica. J. Exp. Zool. 256,347-350.

Duan, C., and Inui, Y. (1990). Effects ofrecombinant eel growth hormone on the uptake

off'S]-sulfate by ceratobranchial cartilage's ofthe Japanese eel, Anguilla

japonica. Gen. Compo Endocrinol. 79,320-325.

Duan, c., Noso, T., Moriyama,S., Kawauchi, H., and Hirano, T. (1992). Eel insulin:

Isolation, characterization and stimulatory actions on ["S]-sulfate and ['fl]

thymidine uptake in the branchial cartilage of the eel in vitro. J. Endocrinol. 133,

221-230.

101



Duan, C., Duguay, S. J., and Plisetskaya, E. M. (1993). Insulin-like growth factor I (IGF

I) mRNA expression in coho salmon, Oncorhynclms kisutch: tissue distribution

and effects of growth honnonelprolactin family proteins. Fish Physiol. Biochem.

11,371-379.

Duan, C. (1997). The insulin-like growth factor system and its biological actions in fish.

Amer. Zool. 37,491-503.

Ducy, P., Schinke, T., and Karsenty, G. (2000). The osteoblast: A sophisticated fibroblast

under central surveillance. Science 289, 1501-1504.

Dupont, J., and LeRoith, D. (200 I). Insulin-like growth factor 1 and oestradiol promote

cell proliferation ofMCF-7 breast cancer cells: new insights into their synergistic

effects. Mol. Pathol. 54, 149-154.

Erickson, G. F., and Shimasaki, S. (2001). The physiology offolIiculogenesis: the role of

novel growth factors. Fertility and Sterility 76, 943-949.

Ernst, M., Heath, J. K., and Rodan, G. A. (1989a). Estradiol effects on proliferation,

messenger ribonucleic acid for collagen and insulin-like growth factor-I, and

parathyroid honnone-stimulated adenylate cyclase activity in osteoblastic cells

from calvariae and long bones. Endocrinology 125, 825-833.

Ernst, M., Heath, J. K., Schmid, c., Froesch, R. E., and Rodan, G. A. (l989b). Evidence

for a direct effect of estrogen on bone cells in vitro. J. Steroid Biochem. 34, 279

284.

Fagerlund, U. H. M., Higgs, D. A., McBride, J. R, Plotnikoff, M. D., Dosanjh, B. S., and

Markert, J. R. (1983). Implications ofvarying dietary protein, lipid and 17(1-

102



methyltestosterone content on growth and utilization ofprotein and energy in

juvenile coho salmon (Oncorhynchus kisutch), Aquaculture 30, 109-124,

Febry, R., and Lutz, p, (1987), Energy partitioning in fish: The activity-related cost of

osmoregulation in a euryhaline cichlid. J. Exp. BioI, 93, 209-224.

Figueroa, 1. A, Lee, A V" Jackson, 1. G. Yee, D, (1995), Proliferation ofcultured

human prostate cancer cells is inhibited by insulin-like growth factor (IGF)

binding protein-I: evidence for an IGF-II autocrine loop. J. Clin. Endocrinol.

Metab. 80, 3476-3482,

Flouriot, G., Pakdel, F., and Valotaire, Y (1996), Transcriptional and post-transcriptional

regulation ofrainbow trout estrogen receptor and vitellogenin gene expression,

Mol. Cell. Endocrinol. 124,173-183.

Houriot, G" Pakdel, F., Ducouret, B., Ledrean, Y, and Valotaire, Y (1997). Differential

regulation oftwo genes implicated in fish reproduction: Vitellogenin and estrogen

receptor genes. Mol. Reprod. Develop. 48,317-323.

Fowler, D. 1., Nicolaides, K. H., and Miell, 1. p, (2000), Insulin-like growth factor

binding protein-l (IGFBP-l): a multifunctional role in the human female

reproductive tract. Human Reproduction Update 6, 495-504.

Fruchtman, S" Jackson, L., and Borski, R. (2000). Insulin-like growth factor I disparately

regulates prolactin and growth hormone synthesis and secretion: Studies using the

teleost pituitary model. Endocrinology 141, 2886-2894.

Goffin, V, Shivenick, K. T., Kelly, P. A, and Martial, 1. A (1996). Sequence-firnction

relationships within the expanding family ofprolactin, growth hormone, placental

lactogen, and related proteins in mammals. Endocr. Rev. 17,385-409,

103



Grau, E. G., Bern, H. A, Chen, T. T., Collier, R., Davidson, J., Donaldson, E., Hirano,

T., Kapuscinski, A, Powers, D., Specker, J., Sullivan, C. V., and Sullivan, J. J.

(1992). Marine Resource Development: Enhancement offish Growth and

Development - A Proposed National Research Initiative. In California Sea Grant

College Program, pp. 13., La Jolla.

Gray, E. S., and Kelley, K M. (1991). Growth regulation in the gobiid teleost, Gillichthys

mirabilis: roles of growth hormone, hepatic growth hormone receptors and

insulin-like growth factor-I. J. Endocrinol 13, 57-66.

Gray, T. K (1989). Estrogens and the skeleton: Cellular and molecular mechanisms. J.

Steroid Biochem. 34,285-287.

Green, H., Morikawa, M., and Nixon, T. (1985). A dual effector theory of growth

hormone action. Differentiation 29,195-198.

Hall, J. M., and Korach, K S. (2002). Analysis ofthe molecular mechanisms ofhuman

estrogen receptors a. and 13 reveals differential specificity in target promoter

regulation by xenoestrogens. J. BioI. Chern. 277, 44455-44461.

Hawkins, M. B., Thorton, J. W., Crews, D., Skipper, J. K, Dotte, A, and Thomas, P.

(2000). Identification ofa third distinct estrogen receptor and reclassification of

estrogen receptors in teleosts. Proc. Natl. Acad. Sci. USA 97, 10751-10756.

Heppell, S. A, Denslow, N. D., Folmar, L. C., and Sullivan, C. V. (1995). Universal

assay of vitellogenin as a biomarker for environmental estrogens. Environmental

Health Perspectives 103, 9-14.

104



Holloway, A. C., and Leatheriand, 1. F. (1997). Effect ofgonadal steroid hormones on

plasma growth hormone concentrations in sexually immature rainbow trout,

Oncorhynchus mykiss. Gen. Compo Endocrinol. 105, 246-254.

Holloway, A. C., Sheridan, M. A., and Leatherland, 1. F. (1997). Estradiol inhibits

plasma somatostatin 14 (SRIF-14) levels and inhibits the response of

somatotrophic cells to SRIF-14 challenge in vitro in rainbow trout, Oncorhychus

mykiss. Gen. Compo Endocrinol 106,407-414.

Hori, S. H., Kodama, T., and Tanahashi, K (1979). Induction ofvitellogenin synthesis in

goldfish by massive doses ofandrogens. Gen. Compo Endocrinol. 37,306-320.

Howerton, R. D., Okimoto, D. K, and Grau, E. G. (1992). The effect of orally

administered 17a-methyltestosterone and triiodothyronine on growth and

proximate body composition of seawater-adapted tilapia (Oreochromis

mossambicus). Aquacult. Fish. Manag. 23, 123-128.

Huggard, D., Khakoo, Z., Kassam, G., and Habibi, H. R. (19%). Effect oftestosterone on

growth hormone gene expression in the goldfish pituitary. Can. J. Physiol.

Pharmacol. 74, 1039-1046.

Hyder, S. M., Shipley, G. L., and Stancel, G. M. (1995). Estrogen action in target cells:

selective requirments for activation of different hormone response elements. Mol.

Cell Endocrinol. 112,35-43.

Iwama, G. K, Takemura, A., and Takano, K (1997). Oxygen consumption rates of

tilapia in fresh water, seawater, and hypersaline seawater. J. Fish BioI. 51, 886

894.

105



Jansson, 1.-0., Ekberg, S., Isaksson, G. P., and Eden, S. (1984). Influence ofgonadal

steroids on age- and sex-related secretory patterns of growth honnone in the rat.

Endocrinology 114,1287-1294.

Jansson, 1.-0., Eden, S., and Isaksson. (1985). Sexual dimorphism in the control of

growth honnone secretion. Endo. Rev. 6, 128-150.

Jones, I. I., and Clemmons, D. R. (1995). Insulin-like growth factors and their binding

proteins: biological actions. Endo. Rev. 16,3-34.

Kaiya, H., Kojima, M., Hosoda, H., Riley, L. G., Hirano, T., Grau, E. G., and Kangawa,

K (2003). Identification oftilapia ghrelin and its effects on growth honnone and

prolactin release in the tilapia, Oreochromis mossambicus. Compo Biochem.

Physiol. A In press.

Kajimoto, Y., and Umayahara, Y. (1998). AP-l motif as a key to understanding the

insulin-like growth factor I (IGF-I) gene regulation. Endocr. J. 45, 1-12.

Kajimura, S., Uchida, K, Yada, T., Hirano, T., Aida, K, and Grau, E. G. (2002). Effects

of insulin-like growth factors (IGF-I and -II) on growth honnone and prolactin

release and gene expression in euryhaline tilapia, Oreochromis mossambicus.

Gen. Compo Endocrinol. 127,223-231.

Kelley, K M., Desai, P., Roth, I. T., Haigwood, I. T., Arope, S. A., Flores, R. M.,

Schmidt, K E., Perez, M., Nicholson, G. S., and Song, W. W. (2000). Evolution

of endocrine growth regulation: The insulin like growth factors (IGFs), their

regulatory binding proteins (IGFBPs), and IGF receptors in fishes and other

ectothermic vertebrates. In "Recent Advances in Marine Biotechnology" (M.

106



Fingennan and R, Nagabhushanam, Eds,), VolA pp, 189-228, Science Publishers,

Enfield.

Kelley, K. M., Haigwood, 1. T., Perez, M" and Galima, M. M. (2001). Serum insulin-like

growth factor binding proteins (lGFBPs) as markers for anabolic / catabolic

condition in fishes. Camp. Biochem. Physiol. B 129, 229-236.

Kelley, K. M" Schmidt, K. E., Berg, L., Sak, K., Ga1ima, M, M., Gillespie, C., Balogh,

L., Hawayek, A, Reyes, 1. A, and Jamison, M. (2002), Comparative

endocrinology ofthe insulin-like growth factor-binding protein. J. Endocrinol.

175,3-18.

Kim, S. J., Ogasawara, K., Park, 1. G., Takemura, A, and Nakamura, M. (2002).

Sequence and expression of androgen receptor and estrogen receptor gene in the

sex types ofprotogynous wrasse, Halichoeres trimaculatus. Gen. Camp.

Endocrinol. 127, 165-173.

Kishida, M., Anderson, T. R., and Specker, J. L. (1992), Induction by l3-estradiol of

vitellogenin in striped bass (Morone saxatilis): Characterization and quantification

in plasma and mucous. Gen. Camp. Endocrinol 88, 29-39.

Kishida, M., and Specker, 1. L. (1993). Vitellogenin in tilapia (Oreochromis

mossambicus): Induction oftwo forms by estradiol, quantification in plasma and

characterization in oocyte extract, Fish Physiol. Biochem. 12,171-182,

Kojima, M., Hosoda, H., Date, Y., Nakasato, M., Matsuo, H, and Kangawa., K. (1999).

Ghrelin is a growth-hormone-reieasing acylated peptide from stomach. Nature

402,656-659.

107



Krattenmacher, R., Knauthe, R., Parczyk, K., Walker, A., Hilgenfeldt, u., and Fritzmeier,

K. H. (1994). Estrogen action on hepatic synthesis ofangiotensinogen and IGF-I:

direct and indirect estrogen effects. J. Steroid Biochem. Molec. Bioi. 48,207-214.

Kuiper, G. G. I. M., Enmark, E., Pe1to-Huikko, M., Nilsson, S., and Gustafsson, I.-A.

(1996). Cloning ofa novel estrogen receptor expressed in rat prostate and ovary.

Proc. Natl. Acad Sci. USA 93, 5925-5930.

Kuwaye, 1. 1., Okimoto, D. K., Shimoda, S. K., Howerton, R. D., Lin, H.-R., Pang, P. K.

T., and Grau, E. G. (1993). Effect of 17a-methyltestosterone on the growth of the

euryhaline tilapia, Oreochromis mossambicus, in fresh water and in seawater.

Aquaculture 113, 137-152.

Kwon, H.-C., and Mugiya, Y. (1994). Involvement ofgrowth hormone and prolactin in

the induction ofvitellogenin synthesis in primary hepatocyte culture in the eel,

Anguillajaponica. Gen. Comp. Endocrinol. 93,51-60.

Lazier, C. B., Langley, S., Ramsey, N. B., and Wright, I. M. (1996). Androgen inhibition

ofvitellogenin gene expression in tilapia (Oreochromis niloticus). Gen. Camp.

Endocrinol. 104,321-329.

Le Drean, Y., Kern, L., Pakdel, F., and Valotaire, Y. (1985). Rainbow trout estrogen

receptor presents an equal specificity but a different sensitivity for estrogen than

the human estrogen receptor. Mol. Cell. Endocrinol. 109,27-35.

Le Gac, F., Blaise, Fostier, A., Le Bail, P.-Y., Loir, M., Mourot, B., and Weil, C. (1993).

Growth hormone (GH) and reproduction: A review. Fish Physiol. Biochem. 11,

219-232.

108



Le Menu, R., Rochefort, H., and Garcia, M. (1980). Effects ofandrogen mediated by the

estrogen receptor offish liver: vitellogenin accumulation. Steroids 35, 315-328.

Leedom, T. A, Uchida, K., Yada, T., Richman, N. H. I., Byatt, 1. C., Collier, R. 1.,

Hirano, T., and Grau, E. G. (2002). Recombinant bovine growth hormone

treatment of tilapia: growth response, metabolic clearance, receptor binding and

immunoglobulin production. Aquaculture 207, 359-380.

LeRoith, D., Bondy, c., Yakar, S., Lin, J-L., and Butler, A (2001). The somatomedin

hypothesis: 2001. Endocr. Rev. 22, 53-74.

Lin, H. R., Lu, M., Lin, X w., Zhang, W. M., Sun, Y., and Chen, L. X. (1995). Effects of

gonadotropin-releasing hormone (GnRH) analogs and sex steroids on growth

hormone (GH) secretion and growth in common carp (Cyprinus carpio) and grass

carp (Ctenopharyngodon idellus). Aquaculture 135, 173-184.

Madsen, S. S., and Bern, H. A (1993). In vitro effects of insulin-like growth factor-Ion

gill Na+, K+-ATPase in coho salmon, Oncorhynchus kisutch. J. Endocrinol. 138,

23-30.

Manzon, L. A (2002). The role ofprolactin in fish osmoregulation: A review. Gen.

Compo Endocrinol. 125,291-310.

Marchant, T. A, and Moroz, B. M. (1993). Hormonal influences on in vitro C5S]-sulfate

uptake by gill arches from the goldfish (Carassius auratus L.). Fish Physiol.

Biochem. 11,393-399.

Mayo, K. E., Miller, T., DeAlmeida, v., Godfrey, P., Zheng, 1., and Cunha, S. R. (2000).

Regulation ofthe pituitary somatotroph cell by GHRH and its receptor. Recent

Prog. Horm. Res. 55,237-266.

109



McConnick, S. D., Sakamoto, T., Hasegawa, S., and Hirano, 1. (1991). Osmoregulatory

actions of insulin-like growth factor-lin rainbow trout (Oncorhynchus mykiss). J.

Endocrinol. 130,87-92.

McConnick, S. D., Kelley, K. M., Young, G., Nishioka, R. S., and Bern, H. A. (1992a).

Stimulation ofcoho salmon growth by insulin-like growth factor-I. Gen. Compo

Endocrinol. 86, 398-406.

McConnick, S. D., Tsai, P. I., Kelley, K. M., Nishioka, R. S., and Bern, H. A. (1992b).

Hormonal control of sulfate incorporation in branchial cartilage ofcoho salmon:

Role ofIGF-1. J. Exp. Zoo!' 262, 166-171.

McConnick, S. D. (2001). Endocrine control ofosmoregulation in teleost fish. Amer.

Zoo!' 41,781-794.

McLean, E., and Donaldson, E. M. (1993). The role ofgrowth hormone in the growth of

poikilotherms. In "The Endocrinology ofGrowth, Development, and Metabolism

in Vertebrates" Eds.), pp. 43-71. Academic Press.

McLean, E., and Devlin, R. H. (2000). Application ofbiotechnology to enhance growth

of salmonids and other fish. In "Recent Advances in Marine Biotechnology" (M.

Fingerman and R. Nagabhushanam, Eds.), VolAB pp. 7-55. Science Publishers,

Plymouth, UK.

Melamed, P., Eliahu, N., Levavi-Sivan, B., Ofir, M., Farchi-Pisanty, 0., Rentier-Delrue,

F., Smal, 1., Zvi, Y., and Naor, Z. (1995a). Hypothalamic and thyroidal regulation

ofgrowth hormone in tilapia. Gen. Compo Endocrinol. 97, 13-30.

Melamed, P., Eliahu, N., Ofir, M., Levavi-Sivan, B., Smal, 1., Rentier-Delrue, F., and

Yaron, Z. (199Sb). The effects ofgonadal development and sex steroids on

110



growth hormone secretion in the male tilapia hybrid (Oreochromis niloticus x 0.

aureus). F'ish Physiol. Biochem. 14,267-277.

Melamed, P., Gur, G. B., Rosenfeld, H., Dlizur, A, and Yaron, Z. (1997). The mRNA

levels orotH m, GtH lIB and GH in relation to testicular development and

testosterone treatment inpituitary cells ofmale tilapia. Fish Physiol. Biochem. 17,

93-98.

Melamed, P., Rosenfeld, H., Elizur, A, and Yaron, Z. (1998). Endocrine regulation of

gonadotropin and growth hormone gene transcription in fish. Comp. Biochem.

Physiol. C 119, 325-338.

Meredith, H. 0., Richman III, N. H., Collier, J. T., Seale, A P., Riley, L. G., Ball, C. H.,

Shimoda, S. K., Stetson, M. H., and Grau, E. G. (1999). Pesticide effects on

prolactin release from the rostral pars distalis in vitro and their effects on growth

in vivo in the tilapia (Oreochromis mossambicus).ln "Environmental Toxicology

and Risk Assessment" (D. S. Hanshel, M. C. Black and M. C. Harrasse, Eds.),

Vol.8 pp. American Society for Testing and Materials, West Conshohocken, PA

Messaouri, H., Baloche, S., Hardy, A., Leloup-Hatey, 1., and Burzawa-Gerard, E. (1991).

Hepatic 17J3-estradiol receptors and vitellogenesis in Anguilla anguilla L. after

treatment by 17J3-estradiol alone or associated with bovine growth hormone. Gen.

Comp. Endocrinol. 82,238.

Morgan, 1. D., and lwama, G. K. (1991). Effects of salinity on growth, metabolism and

ion regulation in juvenile rainbow trout and steelhead trout (Onchorhyncus

mykiss) and fall chinook salmon (Onchorhyncus tshawytscha). Can. J. Fish

Aquat. Sci. 48, 2083-2094.

III



Mori, T., Matsumoto, H., and Yokota, H. (1998). Androgen-induced vitellogenin gene

expression in primary cultures of rainbow trout hepatocytes. J. Steroid Biochem.

Molec. Bioi. 67,133-141.

Moriyama, S., Swanson, P., Nishii, M., Takahashi, A., Kawauchi, H., Dickhoff, w., and

Plisetskaya, E. (1994). Development ofa homologous radioimmunoassay for

coho salmon insulin-like growth factor 1. Gen. Compo Endocrinol. 96, 149-161.

MoucheL N., Trichet, Y, Betz, A., LePennec, I.-P., and Wolff; J. (1996).

Characterization ofvitellogenin from rainbow trout (Oncorhynchus mykiss). Gene

174,59-64.

Muller, A. F., Lamberts, S. W. I., Janssen, J. A. M. I. L., Hofland, L. I., Koetsveld, P. V.,

Bidlingrnaier, M., Strasburger, C. I., Ghigo, E., and Van Der Ley, A. (2002).

Ghrelin drives GH secretion during fasting in man. Eur. J. Endocrinol. 146,203

207.

Murphy, L. I., and Friesen, H. G. (1988). Differential effects of estrogen and growth

hormone on uterine and hepatic insulin-like growth factor I gene expression in the

ovariectomized hypophysectomized rat. Endocrinology 122, 325-332.

Nakamura, M., and Iwahashi, M. (1982). Studies on thepratica1 masculainization in

Tilapia nilotica by the oral administration of androgen. Bull. Jap. Soc. Sci. Fish.

48, 763-769.

Naylor, R. L., Goldberg, R. I., Primavera, J. H., Kautsky, N., Beveridge, M. C. M., Clay,

I., Folke, C., Lubchenco, I., Mooney, H., and Troell, M. (2000). Effect of

aquaculture on world fish supplies. Nature 405,1017-1024.

112



Nicoll, C. S. (1993). Role of prolactin and placentallactogens in vertebrate growth and

development. In "The Endocrinology of Growth, Development, and Metabolism

in Vertebrates" (M. P. Schreibman, C. G. Scanes and P. K. T. Pang, Eds.), pp.

151-182. Academic Press, New York.

Paech, K., Webb, P., Kuiper, G. G. J. M., Nilsson, S., Gustafsson, J.-A., Kushner, P. J.,

and Scanlan, T. S. (1997). Differential ligand activation of estrogen receptors

ERa. and ER~ at API sites. Science 277, 1508-1510.

Peng, C., and Peter, R. E. (1997). Neuroendocrine regulation ofgrowth hormone

secretion and growth in fish. ZoolOgical Studies 36, 79-89.

Perez-Sanche;;:, J. (2000). The involvement ofgrowth hormone in growth regulation,

energy homeostasis and immune function in the gilthead sea bream (Sparus

aurata): a short review. Fish Physiol. and Biochem. 22, 135-144.

Peter, R. E., and Marchant, T. A. (1995). The endocrinology ofgrowth in carp and

related species. Aquaculture 129,299-321.

Peyon, P., Baloche, S., and Burzawa-Gerard, E. (1996). Potentiating effect of growth

hormone on vitellogenin synthesis induced by 17~-estradiolin primary culture of

female silver eel (Anguilla anguilla L.) hepatocytes. Gen. Compo Endocrinol. 102,

263-273.

Peyon, P., Calvayrac, R., Baloche, S., and Burzawa-Gerard, E. (1998). Metabolic studies

on eel (Anguilla anguilla L.) hepatocytes in primary culture: effect of 17 beta

estradiol and growth hormone. Compo Biochem. Physiol. A 121,35-44.

Plisetskaya, E. M., Duguay, S. J., and Duan, C. (1994). Insulin and insulin·lilce growth

factor I in salmonids: comparison of structure, function, and expression. In

113



Perspectives in Comparative Endocrinology (ed.K. G. Davey, R. E. Peter and S.

S. Tobe), pp. 226-233. National Research Council of Canada, Ottawa, Canada.

Pullin, R. V. (1991). Cichlids in aquaculture. In "Cichlid Fishes: Behaviour, Ecology and

Evolution" (M. M. Keenleyside, Ed.), pp. 280-299. Chapman and Hall, London.

Reinecke, M., Schmid, A., Ermatinger, R., and Lofting-Cueni, D. (1997). Insulin-like

growth factor I in the teleost Oreochromis mossambicus, the tilapia: gene

sequence, tissue expression, and cellular localization. Endocrinology 138, 3613

3619.

Riley, L. G., Hirano, T., and Grau, E. G. (2002a). Rat ghrelin stimulates growth hormone

and prolactin release in the tilapia, Oreochromis mossambicus. Zool. Sci. 19, 797

800.

Riley, L. G., Richman, N. H., Hirano, T., and Grau, E. G. (2002b). Activation ofthe

growth hormone / insulin-like growth factor axis by treatment with 170.

methyltestosterone and seawater rearing in the tilapia, Oreochromis mossambicus.

Gen. Compo Endocrinol. 127,285-292.

Riley, L. G., Hirano, T., and Grau, E. G. (2003). Disparate effects of gonadal steroids on

plasma and liver mRNA levels ofinsulin-like growth factor-I and vitellogenin in

the tilapia, Oreochromis mossambicus. Fish Physiol. and Biochem. Submitted.

Ron, B., Shimoda, S. K., Iwama, G. K., and Grau, E. G. (1995). Relationships among

ration, salinity, 17o.-methyltestosterone and growth in the euryhaline tilapia,

Oreochromis mossambicus. Aquaculture 135,185-193.

114



Rubin, D. A., and Specker, J. L. (1992). In vitro effects ofhomologous prolactins on

testosterone production by testes oftilapia (Oreochromis mossambicus). Gen.

Comp. Endocrinol. 87, 189-196.

Sahlin, L., Nordstedt, G., and Eriksson, H. (1994). Estrogen regulation ofthe estrogen

receptor and insulin-like growth factor-I in the rat uterus: a potential coupling

between effects of estrogen and IGF-I. Steroids 59, 421-429.

Sakamoto, T., Ogasawara, T., and Hirano, T. (1990). Growth hormone kinetics during

adaptation to a hyperosmotic environment in rainbow trout. J Camp. Physiol. B

168, 1-6.

Sakamoto, T., and Hirano, T. (1991). Growth hormone receptors in the liver and

osmoregulatory organs ofrainbow trout: characterization and dynamics during

adaptation to seawater. J. Endocrinol. 130,425-433.

Sakamoto, T., and Hirano, T. (1993). Expression ofinsulin-like growth factor I gene in

osmoregulatory organs during seawater adaptation of the salmonid fish: possible

mode of osmoregulatory action of growth hormone. Proc. Natl. Acad. Sci. USA

90,1912-1916.

Sakamoto, T., McCormick, S. D., and Hirano, T. (1993). Osmoregu111tory actions of

growth hormone and its mode of action in salmonids: A review. Fish Physiol.

Biochem. n, 155-164.

Sakamoto, T., Shepherd, B. S., Nishioka, R. S., Madsen, S. S., Siharath, K., Chen, T. T.,

Bern, H. A., and Grau, E. G. (1994). Osmoregulatory actions ofgrowth hormone

in an advanced teleost. Amer. Zool. 34, 43 [Abstract].

115



Sakamoto, T., Shepherd, B. S., Madsen, S. S., Nishioka, R. S., Siharath, K., Richman, N.

H. 1, Grau, E. G., and Bern, H. A. (1997). Osmoregulatory actions ofgrowth

hormone and prolactin in an advanced teleost. Gen. Compo Endocrinol. 106, 95

101.

Scanes, G. G., Campbell, R, Harvey, S., King, D., Melamed, S., and Perez, F. (1986).

Growth hormone in birds: A comparative perspective Progress in Clinical and

Biological Research. In "Comparative Endocrinology: Developments and

Directions" (A R Liss, Ed.), Vo1.205 pp. 115-136. C. L. Ralph, New York.

Schmid, A, Reinecke, M., and Kloas, W. (2000). Primary cultured hepatocytes of the

bony fish, Oreochromis mossambicus, the tilapia: a valid tool for physiological

studies on IGF-I expression in liver. J. Endncrinol. 166,265-273.

Seddiki, H., Maxime, V., Boeuf, G., and Peyrand, C. (1995). Effects ofgrowth hormone

on plasma ionic regulation, respiration and extracellular acid-base status in trout

(Oncorhynchus mykiss) transferred to seawater. Fish Physiol. Biochem. 14,279

288.

Shepherd, B. S., Ron, B., Burch, A., Sparks, R., Richman, N. H., Shimoda, S. K., Stetson,

M. H., Lim, C., and Grau, E. G. (1997a). Effects of salinity, dietary level of

protein and 17a.-methyltestosterone on growth hormone (GH) and prolactin

(tPRL117 and tPRLI88) levels in the tilapia, Oreochromis mossambicus. Fish

Physiol. Biochem. 17,279-288.

Shepherd, B. S., Sakamoto, T., Nishioka, R S., Richman, N. H., Mori, I., Madsen, S. S.,

Chen, T. T., Hirano, T., Bern, H. A., and Grau, E. G. (1997b). Somatotropic

actions ofthe homologous growth hormone (tGH) and prolactin (tPRL177) in the

116



euryhaline teleost, Oreochromis mossambicus. Proc. NaIl. Acad. Sci., USA 94,

2068-2072.

Shepherd, B. S., Sakamoto, T., Hyodo, S., Nishioka, R S., Ball, C., Bern, H. A, and

Grau, E. G. (1999). Is the primitive regulation ofpituitary prolactin (tPRLI77 and

tPRL188) secrection and gene expression in the euryhaline tilapia (Oreochromis

mossambicus) hypothalamic or enviromnental. J. Endocrinol. 161,121-129.

Shepherd, B. S., Eckert, S. M., Parhar, I. S., Vijayan, M. M., Wakabayashi, I., Hirano, T.,

Grau, E. G., and Chen, T. T. (2000). The hexapeptide KP-I02 (D-A1a-D-B-Nal

A1a-Trp-D-Phe-Lys-NH2) stimulates growth hormone release in a cichlid fish

(Oreochromis mossambicus). J. Endocrinol. 167, R7-RI0.

Sheridan, M. A (1986). Effects of thyroxin, cortisol, growth hormone, and prolactin on

lipid metabolism of coho salmon, Oncorhynchus kisutch, during smoltification.

Gen. Comp. EndocrinoJ. 64,220-238.

Shimizu, M., Swanson, P., and Dickhoff, W. W. (1999). Free and protein-bound insulin

like growth factor-I (IGF-I) and IGF-binding proteins ofcoho salmon,

Oncorhynchus kisutch. Gen. Compo EndocrinoJ. 115, 398-405.

Shimizu, M., Swanson, P., Fukada, H., Hara, A, and Dickhoff, W. W. (2000).

Comparison of extraction methods and assay validation for salmon insulin-like

growth factor-I using commerically available components. Gen. Compo

Endocrinol. 119,26-36.

Siharath, K., and Bern, H. A (1993). The physiology ofinsulin-like growth factors (IGF)

and its binding proteins in teleost fishes. Proc. Zool. Soc. (Calcutta) Haldane

Commem.113-124.

117



Socorro, S., Power, D. M., and Canario, A. V. M. (2000). Two estrogen receptors

expressed in the teleost fish, Sparus aurata: cDNA cloning, characterization and

tissue distribution. J. Endocrinol. 166,293-306.

Sparks, R. T., Shepherd, B. S., Ron, B., Richman III, N. H., Riley, L. G., Iwama, G. K.,

Hirano, T" and Gran, E. G. (2003), Effects of environmental salinity and 17a

methyltestosterone on growth and oxygen consumption in the tilapia,

Oreochromis mossambicus. Compo Biochem, Physiol. submitted,

Specker, 1. L., King, D. S., Rivas, R. 1., and Young, B. K. (1985). Partial characterization

of two prolactins from a cicWid fish. In "Prolactin, Basic and Clinical Correlates"

(R, M. MacLeod, M. O. Thorner and U. Scapagnini, Eds.), Vo!.l pp. 427-435.

Liviana Press, Padova.

Sundararaj, B. I., Goswami, S. v., and Lamba, V, 1. (1982). Role of testosterone,

estradiol-1713, and cortisol during vitellogenin synthesis in the catfish,

Heteropneutesfossilis (Bloch), Gen. Camp. Endocrinol. 48,390-397.

Surmacz, E. (2000). Function ofthe lGF-I receptor in breast cancer. J. Mammary Gland

BioI. Neoplasia S, 95-105.

Takemura, A., and Kim, B. H. (2001). Effects of estradiol-17f1 on in vitro and in vivo

synthesis of two distinct vitellogenins in tilapia. Compo Biochem. Physiol. A 129,

641-651.

Tchoudakova, A., Pathak, S., and Callard, G. V, (1999). Molecular cloning ofan estrogen

receptor j3 subtype from the goldfish, Carassius auratus. Gen. Camp. Endocrinol.

113, 388-400.

118



Todo, T., Adachi, S., Saeki, F., and Yamauchi, K (1995). Hepatic estrogen receptors in

the Japanese ee~ Anguillajaponica: Characterization and changes in binding

capactiy during artificially-induced sexual maturation. Zool. Sci. 12, 789-794.

Todo, T., Adachi, S., and Yamauchi, K. (1996). Molecular cloning and characterization

ofJapanese eel estrogen receptor cDNA. Mol. Cell. Endocrinol. 119,37-45.

Trudeau, V. L., Somoza, G. M., Nahorniak, C. S., and Peter, R E. (1992). Interactions of

estradiol with gonadotropin-releasing hormone and thyrotropin-releasing hormone

in the control ofgrowth hormone secretion in the goldfish. Neuroendocrinology

56, 483-490.

Tsai, P. I., Madsen, S. S., McCormick, S. D., and Bern, H A. (1994). Endocrine control

of cartilage growth in coho salmon: GH influence in vivo on the response to IGF-I

in vitro. Zool. &i. 11, 299-303.

Umayahara, Y., Kawamori, R, Watada, H, !mano, E., Iwama, N., Morishima, T.,

Yamasaki, Y., Kajimoto, Y., and Kamada, T. (1994). Estrogen regulation of the

insulin-like growth factor I gene transcription involves an AP-1 Enhancer. J. BioI.

Chern. 269, 16433-16442.

Unniappan, S., Lin, x., Cervini, L., Rivier, J., Kaiya, H, Kangawa, K, and Peter, R E.

(2002). Goldfish ghrelin: molecular characterization ofthe complementary

deoxyribonucleic acid, partial gene structure and evidence for its stimulatory role

in food intake. Endocrinology 143, 4143-4146.

USDA/ERS. (2002). Aquaculture: Situation and outlook report, Washington, D.C.

119



Vaillant, c., Le Guellec, C., Pakdel, F., and Valotaire, Y. (1988). Vitellogenin gene

expression in primary culture ofmale rainbow trout hepatocytes. Gen. Compo

Endocrinol. 70,284-290.

Vezina, R., and Williams, T. D. (2002). Metabolic costs ofegg production in the

European starling (Stumus vulgaris). Physiol Biochem. Zoo!' 75,377-385.

Vijayan, M. M., Morgan, 1. D., Sakamoto, T., Grau, E. G., and Iwama, G. K. (1996).

Food-deprivation affects seawater acclimation in tilapia: hormonal and metabolic

changes. J. Exp. Bioi. 199,2467-2475.

Vijayan, M. M., Pereira, C., Grau, E. G., and Iwama, G. K. (1997). Metabolic responses

associated with confinement stress in tilapia: the role ofcortisol. Compo Biochem.

Physiol. C. 116, 89-95.

Wahli, W., Dawid, I. B., Ryffe~ G. u., and Weber, R. (1981). Vitellogenesis and the

vitellogenin gene family. Science 212, 298-304.

Wang, G., Lee, H.-M., Englander, E. W., and Greeley Jr., G. H. (2002). Ghre1in - not just

another stomach hormone. Regul. Pept. 105,75-81.

Watson, R., and Pauly, D. (2001). Systematic distortions in world fisheries catch trends.

Nature 414, 534-536.

Wehrenberg, W. B., and Giustina, A. (1992). Basic counterpoint: Mechanisms and

pathways ofgonadal steroid modulation of growth hormone secretion. EruJocr.

Rev. 13, 299-308.

Westley, B. R., and May, F. E. B. (1994). Role ofinsulin-like growth factors in steroid

modulation proliferation. J. Steroid Biochem. Molec. Bioi. 51, 1-9.

120



Wren, A. M., Small, C, J" Ward, H. L., Murphy, K. G" Dakin, C, L., Taheri, S"

Kennedy, A. R., Roberts, G, H., Morgan, D, G. A., Ghatel, M, A., and Bloom, S,

R (2000), The novel hypothalamic peptide ghrelin stimulates food intake and

growth hormone secretion, Endocrinology 141, 4325-4328.

Yada, T., Urano, A., and Hirano, T. (1991). Growth hormone and prolactin gene

expression and release in the pituitary of rainbow trout in serum-free culture.

Endocrinology 129,1183-1192.

Yada, T" and Hirano, T, (1992). Influence ofseawater adaptation on prolactin and

growth hormone release from organ-cultured pituitary of rainbow trout, Zool. Sci.

9,143-148.

Yada, T., Hirano, T" and Grau, E, G. (1994). Changes in plasma levels of the two

prolactins and growth hormone during adaptation to different salinities in the

euryhaline tilapia, Oreochromis mossambicus. Gen. Compo Endocrinol. 93,214

223,

Yamada, M., Hasegawa, T., and Hasegawa, Y. (1998). Increase in free insulin-like

growth factor-I levels in precocious and normal puberty, Endocr. 1. 45, 407-412.

Vee, D., and Lee, A. V. (2000). Crosstalk between the insulin-like growth factors and

estrogens in breast cancer. 1. Mammary Gland Bioi. Neoplasia 5, 107-115.

Zou, J. J., Trudeau, V. L., Cui, Z., Brechin, J., Mackenzie, K., Zhu, Z., Houlihan, D. F.,

and Peter, R E. (1997), Estradiol stimulates growth hormone production in

female goldfish. Gen. Compo Endocrinol. 106, 102-112.

121




