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Abstract 

Gonadotropin-inhibitory hormone (GnIH) is a hypothalamic neuropeptide named 

for its ability to inhibit gonadotropin (GTH) production in birds and mammals.  

Subsequently, variants of GnIH peptides have been discovered in different vertebrate 

species, including teleosts.  In amphibians, GnIH was found to stimulate growth hormone 

(GH) release, suggesting a role in the regulation of somatic growth.  These findings 

indicate that GnIH is an important component of the multifactorial control of 

reproduction and growth.  However, information on physiological significance of GnIH 

is rather limited, and much less is known regarding the functions of these peptides in 

teleosts. 

The main purpose of my thesis was to study the physiological role of goldfish 

GnIH (gGnIH) in the regulation of basal and native gonadotropin-releasing hormone-

induced GTH and GH expression and secretion, in vivo and in vitro.  The findings 

highlight the importance of seasonality and stage of gonadal recrudescence, and provide 

evidence for both direct and indirect actions of gGnIH, which resulted in both stimulation 

and inhibition of GTH and GH production.  In goldfish, gGnIH can uncouple GTH and 

GH synthesis and release, as well as differentially regulate FSH- and LH-β mRNA 

expression in a seasonally-dependent manner.  Additionally, the presence of gGnIH and 

gGnIH receptor (gGnIH-R) in the goldfish ovary and testis was the basis for studying its 

direct action on cultured gonads.  Treatment with gGnIH altered the expression of genes 

involved in gonadal functions, providing a strong support for the hypothesis that gGnIH 

plays a role in the paracrine/autocrine regulation of gonadal functions in goldfish.   
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The findings in this thesis indicate that gGnIH plays a complex role in 

multifactorial control of growth and reproduction in goldfish, as compared to a dominant 

inhibitory role in the regulation of the gonadotropic axis as observed in higher 

vertebrates.  Furthermore, the results presented provide novel information on the 

physiological functions of gGnIH in goldfish at the level of multiple target tissues, and 

provide a framework for understanding the role of gGnIH in the multifactorial control of 

reproduction and growth in teleosts. 
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 Chapter One: Introduction 

  



 

 2 

1.1 Introduction 

Most gonochoristic teleosts such as goldfish are seasonal spawners, which have 

distinct reproductive and somatic growth states during the annual cycle, in response to 

environmental cues such as photoperiod and temperature.  During the reproductive stage 

that normally begins in the fall for cyprinids in the northern hemisphere, gonadal 

recrudescence (maturation of the gonads) is initiated.  During this time, female goldfish 

divert much of the energy into gonadal development, until ovarian follicles are fully 

mature (late recrudescence) usually in the spring season.  A simplified illustration of 

changes in a few key reproductive hormones during recrudescence and gonadal 

development is depicted in Figure 1.1.  Like other vertebrates, hypothalamic 

gonadotropin (GTH)-releasing hormone (GnRH) plays a pivotal role in controlling 

reproduction by stimulating the production and secretion of the hypophyseal GTHs, 

luteinizing hormone (LH) and follicle-stimulating hormone (FSH) (Chang et al., 2009).  

In goldfish as in many other teleosts, gonadal steroids such as 17β-estradiol (E2) and 

testosterone (T) act at the level of the brain and pituitary to further regulate the 

neuroendocrine control of reproduction and GTH production (Melamed et al., 1998; 

Yaron et al., 2003). 

Following spawning, gonads are regressed and goldfish enter the somatic growth 

stage usually in late spring to early summer during which energy is diverted towards 

growth and development (Marchant and Peter, 1986) driven by pituitary growth hormone 

(GH).  The secretion of GH is also under hypothalamic control by growth hormone 

releasing hormone (GHRH), somatostatin, dopamine (DA), and other neurohormones 
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such as GnRH.  Serum level of GH fluctuates throughout the year, being highest in spring 

and early summer, and lowest in the fall.  It has been suggested that GH is also important 

in the control of reproduction in goldfish as GH levels are elevated during the period 

prior to spawning, yet somatic growth is slow (reviewed in Trudeau, 1997).  Extensive 

research has been carried out to elucidate the intricate neuroendocrine control of 

reproduction and growth in goldfish and other teleosts as it involves many 

neurohormones, amino acids, steroids and peptides which modulate the production and 

release of GTHs and GH (Shupnik, 1996; Peter and Yu, 1997; Trudeau et al., 1997; 

Yaron et al., 2003; Popesku et al., 2008; Chang et al., 2009). 

In contrast to mammals, goldfish hypothalamic neurons directly innervate the 

anterior pituitary (adenohypophysis; Ball, 1981) as they lack a functional hypothalamo–

hypophyseal portal blood system (reviewed in Trudeau et al., 1997).  In goldfish, 

gonadotropes and somatotropes are almost exclusively contained to the proximal pars 

distalis region of the adenohypophysis (reviewed in Kah, 1986).  To ensure reproduction 

occurs at a time when there are abundant food sources and optimal water temperature, 

multiple neuroendocrine regulators converge at the level of the pituitary to control 

reproduction and growth (Trudeau, 1997).  In addition to GnRH (described in Section 

1.2, below), other factors such as serotonin (5-HT), γ-aminobutyric acid (GABA), 

pituitary adenylate cyclase activating peptide (PACAP), neuropeptide Y (NPY), ghrelin, 

and kisspeptin have been shown to stimulate LH either by stimulating GnRH release, or 

directly regulating LH release from gonadotropes (Peng et al., 1990; Somoza and Peter, 

1991; Trudeau et al., 2000; Wong et al., 2000; Unniappan and Peter, 2004; Yang et al., 

2010).  Furthermore, these neuromodulators are also involved in the direct or indirect 
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stimulation (NPY, Peng et al., 1990; PACAP, Wirachowsky et al., 2000; kisspeptin, 

Yang et al., 2010) and inhibition (5-HT, Somoza and Peter, 1991; Wong et al., 1998; 

GABA, Trudeau et al., 2000) of GH.  However, GnRH (Section 1.1.2, below) and the 

catecholamine, DA are also known stimulators of GH secretion in goldfish (Wong et al., 

1992; reviewed in Canosa et al., 2007).   

In contrast to its somatotrope-stimulating effects, DA inhibits LH secretion by 

actions at the level of the pituitary and hypothalamus via D2 receptors, which until 

recently had been the most well characterized inhibitor of the reproductive axis in teleost 

fish (Dufour et al., 2005).  Furthermore, DA has been accepted as the inhibitory 

hypothalamic signal controlling LH release in teleosts, especially as most other pituitary 

hormone-secreting cells, such as somatotropes and thyrotropes, are controlled through 

both stimulatory and inhibitory hypothalamic factors (Dufour et al., 2005).  However, DA 

was demonstrated not to inhibit LH secretion in some teleosts, such as the Atlantic 

croaker, Micropogonoias undulatus (Copeland and Thomas, 1989), or sea bream, Sparus 

auratus (reviewed in Zohar et al., 2010).  In addition, DA does not inhibit FSH release in 

salmonids (Vacher et al., 2002).  This and other observations led many reproductive 

biologists to hypothesize that there may be another hypothalamic GTH-release inhibitory 

factor in teleosts and other vertebrates involved in the inhibition of GTH. 

Interestingly, in 2000, a hypothalamic peptide, SIKPSAYLPLRF-NH2, capable of 

inhibiting GTH release was discovered in the Japanese quail (Coturnix japonica), and 

was termed GTH-inhibitory hormone (GnIH) (Tsutsui et al., 2000).  The objective of my 

thesis is to investigate the functional significance of the recently discovered goldfish 

(g)GnIH on goldfish gonadotropes and somatotropes. 
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1.1.1 Gonadotropin hormones 

GTHs are produced and secreted from the gonadotropes in adenohypophysis and 

belong to a family of glycoprotein hormones.  In fish, the two GTHs have been referred 

to as GTH-I and GTH-II; however due to their FSH-like and LH-like properties (Van Der 

Kraak et al., 1998), as well as their homology to the tetrapod GTHs (Quérat et al., 2004), 

they are now commonly referred to as FSH and LH, respectively.  These glycoprotein 

hormones are the result of the dimerization of two subunits, a common α subunit (GTH-

α), and their distinct β subunit, creating a heterodimeric hormone with distinguishable 

biological activity (Pierce and Parsons, 1981; Gharib et al., 1990).  Once secreted from 

the pituitary, these hormones bind to receptors in the gonads to regulate gametogenesis 

and steroidogenesis.  In teleosts, FSH is involved in vitellogenesis and early gonadal 

development, whereas LH is responsible for oocyte maturation and ovulation/spermiation 

(Van Der Kraak et al., 1998).  Although the release of GTHs is under the stimulation of 

GnRH, it is also regulated by other factors including: steroids, catecholamines, amino 

acids, and gonadal peptides (Section 1.1; Shupnik, 1996; Melamed et al., 1998; Yaron et 

al., 2003; Chang et al., 2009).  

 

1.1.2 Growth hormone 

 GH is an important regulator of metabolism, growth (skeletal and soft tissue), 

immunity and gonadal function (reviewed in Björnsson, 1997; Björnsson et al., 2004; 

Pérez-Sánchez, 2000; Peter and Marchant, 1995).  This single chain pluripotent 
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polypeptide is produced in somatotropes and secreted from the anterior pituitary.  GH 

then acts directly on GH receptors (GHRs) to stimulate insulin-like growth factor (IGF-1 

and IGF-II) release, as well as exerts direct actions on metabolism (reviewed in 

Björnsson et al., 2004; Butler and Le Roith, 2001).  In goldfish, two native forms of GH 

exist: one with 5 cysteine residues (GH-I) and the other with 4 cysteine residues (GH-II) 

although they both contained two highly conserved cysteine residues (Law et al., 1996; 

Mahmoud et al., 1996).  Additionally, it is known that GH also interacts with the 

reproductive axis, potentiating the effects of GTH on gonadal steroidogenesis (Childs, 

2000), as well as stimulating vitellogenin (egg-yolk protein) mRNA expression in vitro 

during early gonadal recrudescence (Moussavi et al., 2009).  The neuroendocrine control 

of GH production and release in teleosts is now known to be multifactorial with many 

stimulatory and inhibitory regulators (reviewed in Canosa et al., 2007; Chang et al., 2012; 

Section 1.1). 

 

1.1.3 Gonadotropin-releasing hormones 

The classical hypothalamic hormone GnRH was discovered in 1971 after a large 

effort of purifying this decapeptide from the brains of pigs (Baba et al., 1971; Schally et 

al., 1971).  Since then, it has been established that GnRH plays a pivotal role in the 

control of reproductive development and maintenance by stimulating the expression and 

secretion of the GTHs.  In addition, GnRH has been shown to be a stimulator of GH 

release in fish and mammalian study models (reviewed in Canosa et al., 2007).  Over the 

past 600 million years of evolution, many vertebrate and invertebrate GnRH variants 
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have been formed, with 11 variants found in jawed vertebrates alone (reviewed in Adams 

et al., 2002; Millar et al., 2008).  Many vertebrate brains express two or more GnRH 

isoforms with chicken (c) GnRH-II (or GnRH type 2, GnRH2) being one of the isoforms 

found in the brain of a majority of vertebrates from teleosts to humans, and hence 

considered to be the most ubiquitous form (Roch et al., 2011).  However, it is important 

to note that some mammals, such as: rats, mice, cattle, and chimpanzees only possess a 

single isoform of GnRH (or GnRH type 1, GnRH1) with GnRH2 gene inactivated or 

deleted (Morgan et al., 2006; Millar et al., 2008).  Salmon (s)GnRH (or GnRH type 3, 

GnRH3) is considered to be the teleost-specific form (Millar et al., 2008).  Goldfish 

express two native forms of GnRH, cGnRH-II and sGnRH, in their brain and pituitary 

(Yu et al., 1991, 1998), which are known to possess many differences in their signal 

transduction mechanisms (reviewed in Chang et al., 2009, 2012; Canosa et al., 2007), as 

well as time- and dose-related effects on gonadotropes and somatotropes (Klausen et al., 

2001, 2002a, 2002b). 

GnRHs are also expressed in many tissues outside of the brain and pituitary and 

have been found to have a variety of paracrine, autocrine, and other neuromodulatory 

functions in these tissues (Hsueh and Schaefer, 1985; Ramakrishnappa et al., 2005).  For 

example, in teleosts such as the seabream (Sparus aurata) (Nabissi et al., 2000) and 

goldfish (Pati and Habibi, 1998), the gonads also express isoforms of GnRH, suggesting 

its reproductive effects on the hypothalamic-pituitary-gonadal (HPG) axis is more 

complex than previously believed. 
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1.2 Gonadotropin-inhibitory hormone 

Currently, research on neuropeptides with an LPXRF motif at their carboxyl 

terminal (C-terminal; X = L or Q), or more specifically, an arginine and phenylalanine 

motif (RF-amide peptides) has been targeted as a component of the reproductive axis that 

is not yet fully understood.  The limited amount of research carried to date has indicated 

that these LPXRF-amide peptides have the ability to inhibit GTH release in vertebrates, 

including mammals and birds, and hence these peptides are termed GnIH (reviewed in 

Tsutsui et al., 2012).  The discovery of GnIH marked a new class of neuropeptides, 

specifically the first hypothalamic neuropeptide, found to inhibit reproduction by actions 

at the levels of the hypothalamus, pituitary and gonads.  

 

1.2.1 History of RFamides as neuropeptides 

The very first RF-amide (FMRF-amide) neuropeptide was discovered in the 

ganglia of the sunray venus clam, Macrocallista nimbosa, and found to have 

cardioexcitatory properties (Price and Greenberg, 1977).  Since then, RF-amides have 

been described in many invertebrates, such as nematodes (Ascaris suum and Cystidicola 

farionis) (Wikgren and Fagerholm, 1993) and the fruit fly (Drosophila melanogaster) 

(Merte and Nichols, 2002), and vertebrates, including various mammals (Dockary et al., 

1981) and amphibians (Rastogi et al., 2001).  RF-amides are considered to be 

neuromodulators, and may be involved in more physiological processes than are currently 

known (reviewed in Dockray, 2004).  In 1998, the first fish RFamide peptide was isolated 

from the Japanese crucian carp (Carassius auratus langsdorfii) and called Carassius 
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RFamide or C-RFa for short (Fujimoto et al., 1998).  Although studies on this peptide are 

still needed, it is hypothesized to be similar to the mammalian prolactin-releasing peptide 

due to its structure and localization (Montefusco-Siegmund et al., 2006).  However, this 

class of RF-amide peptides has not been found to affect gonadotrope or somatotrope 

functions. 

 

1.2.2 Discovery of GnIH orthologs in vertebrates 

Although many peptides containing the RF-amide motif at their C-terminus have 

since been discovered in both invertebrates and vertebrates, in 2000, Tsutsui and 

colleagues discovered a specific RF-amide peptide (SIKPSAYLPLRF-NH2; Table 1.1) 

that inhibited GTH release in the Japanese quail (Coturnix japonica), and this peptide 

was termed GnIH (Tsutsui et al., 2000), the first hypothalamic inhibitory peptide of GTH 

release.  Prior to this discovery, it was thought that GnRH was an unusual hypothalamic 

neuropeptide, as it appeared to have no inhibitory counterpart.  Characterization of the 

avian GnIH cDNA indicated that two other putative related peptides are also present in 

the precursor sequence along with GnIH (Satake et al., 2001).  Since then other similar 

neuropeptides with a LPXRF motif at the C-terminus have been isolated and studied.  In 

the bullfrog Rana catesbeiana, a similar hypothalamic RFamide (SLKPAANLPLRF-

NH2) was found to stimulate GH secretion, and was hence termed frog GH-releasing 

peptide or fGRP, as it had no effect on GTH release in frog pituitary cell cultures (Koda 

et al., 2002).  In the newt Cynops pyrrhogaster, LPXRF amides have also been found, 
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although it is unknown whether they modulate gonadotrope and somatotrope hormone 

secretion (Chowdhury et al., 2011). 

Although it has been known that the human genome also possesses an RFamide-

related peptide (RFRP) precursor gene, which encodes three LPXRF-amide peptide 

sequences (human RFRP-1, -2 and -3), mass spectroscopy results only confirm the 

presence of matured forms of two of the predicted RFRP peptides (RFRP-1 and RFRP-3) 

(Hinuma et al., 2000; Table 1.1).  The putative human peptide RFRP-2, which has a 

similar sequence to that of RFRP-2 in rats (Hinuma et al., 2000), has not yet been 

demonstrated in mature form in humans.  In addition to humans, GnIH orthologs have 

also been identified in rats, hamsters, sheep, cows, and other primates (Fukusumi et al., 

2001; Ukena et al., 2003; Yoshida et al., 2003; Kriegsfeld et al., 2006; Johnson et al., 

2007; Clarke et al., 2008; Gibson et al., 2008; Murakami et al., 2008; Kadokawa et al., 

2009; Sari et al., 2009; Ubuka et al., 2009a; Ubuka et al., 2009b; Table 1.1).  With much 

of the research on GnIH having been performed in avian species, it was thought that the 

mammalian RFRP gene was a genetic and functional ortholog of the avian GnIH gene. 

Goldfish (Carassius auratus) was the first fish species found to contain a LPXRF-

NH2 motif peptide (SGTGLSATLPQRF-NH2) (Sawada et al., 2002b), which we have 

since termed gGnIH (Moussavi et al., 2012, 2013).  Since its discovery in goldfish, GnIH 

homologs have also been found in zebrafish (Table 1.1), and predicted in stickleback, 

medaka, and takifugu (Zhang et al., 2010).  Using 5’ and 3’ rapid amplification of DNA 

ends (RACE), it was discovered that goldfish brains also contain 3 putative cDNAs 

encoding the LPXRFamide peptide and these are referred to as goldfish LPXRFa peptide-

1, -2, and -3, respectively (Sawada et al., 2002b).  To date, only goldfish LPXRFa 
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peptide-3 (gGnIH) has been found in mature form as an endogenous ligand, although 

there is a possibility that LPXRFa peptide-1 and -2 are produced at levels currently below 

detection or undergo unknown peptide modifications (Sawada et al., 2002b).  The 

possibility that LPXRFa peptide-1 and -2 exists is increasing as all three forms of 

LPXRFa peptides have been positively identified in sockeye salmon using 

immunohistochemical staining techniques with antibodies specific to the three different 

goldfish LPXRFa peptides (Sawada et al., 2002b; Amano et al., 2006).  The amino acid 

sequence of all GnIH and its related peptides are shown in Table 1.1 along with their 

most commonly used nomenclature (modified from Tsutsui et al., 2012).  

 

1.2.3 Localization of GnIH and its related peptides in the brain of vertebrates 

Initial studies on GnIH localization was carried out in quail, followed by other 

non-mammalian species such as sparrows, amphibians, and teleosts (reviewed in Ubuka 

et al., 2013b).  In the quail, GnIH-immunoreactive (ir) perikarya were found in the 

paraventricular nucleus (PVN) in the hypothalamus, which was also found to be a site of 

cellular localization of GnIH mRNA through in situ hybridization (Ukena et al., 2003). 

Although GnIH-ir fibers were generally present in the diencephalon and mesencephalon, 

the densest networks were found in the ventral paleostriatum, septal area, preoptic area 

(POA), hypothalamus, and optic tectum (Ukena et al., 2003).  As GnIH has been 

proposed to function as a hypophysiotropic peptide, it is not surprising that the most 

prominent GnIH-ir fibers were seen in the median eminence (ME) of the hypothalamus 

(Ukena et al., 2003).  GnIH-ir fibers were also found in the dorsal motor nucleus of the 
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vagus nerve in the medulla oblongata, suggesting a role in modulating behaviour, 

seasonality, and the autonomic nervous system, in addition to being a hypophysiotropic 

peptide (Ukena et al., 2003).  Likewise, findings from song sparrows, house sparrows and 

white-crowned sparrows confirmed the presence of GnIH-ir neurons in the PVN, as well 

as the presence of GnIH-ir fibers in the ME and brainstem (Bentley et al., 2003; Osugi et 

al., 2004; Ubuka et al., 2013a).  Importantly, the localization of preoptic and midbrain 

GnIH neurons and fibers coincided with those of cGnRH-I (GnRH1) and cGnRH-II 

(GnRH2) neuronal cell bodies, and GnIH axon terminals were found to be in close 

proximity to both cGnRH-I and -II neuronal dendrite or cell bodies using double-label 

immunocytochemistry (Ubuka et al., 2008).  Complementing these findings, the 

expression of starling GnIH receptor mRNA (using in situ hybridization) was identified 

in both cGnRH-I and cGnRH-II neurons (using GnRH immunocytochemistry) (Ubuka et 

al., 2008).  Based on this information, it is highly plausible that GnIH regulates 

reproduction of these avian species by directly modulating cGnRH-I and cGnRH-II 

neuronal activity, in addition to influencing the pituitary gland (Ubuka et al., 2013a).  It is 

important to note that the presence of cGnRH-II in the ME was previously controversial 

(Millam et al., 1993), until recent studies in Japanese quail and chicken show that 

cGnRH-II reaches the ME (Clerens et al., 2003).   

In the frog brain, fGRP-ir cell bodies were present in the telencephalon and 

diencephalon, however its presence was most prominent in the suprachiasmatic nucleus 

(SCN) of the hypothalamus (Koda et al., 2002).  In addition, fGRP-ir fibers were present 

throughout many regions of the brain, such as the diencephalon, mesencephalon, and 

rhombencephalon, and with fGRP-ir fibers from the SCN projecting to the ME (Koda et 
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al., 2002).  Paradoxically, fGRP mRNA expression in the bullfrog brain was only 

detected in the SCN in in situ hybridization studies (Sawada et al., 2002a).  Although it 

may seem contradictory that the peptide is present in more brain regions than where its 

mRNA is expressed, similar observations were noted regarding the distribution of Rana 

RFamide (R-RFa) / fGRP in the brain of European green frog using antiserum against 

neuropeptide FF (NPFF) (Chartrel et al., 2002).  

Comparison of the localization of GnIH fiber networks between avian and 

mammalian species, including the photoperiodic hamsters (Mesocricetus auratus) and the 

less photoperiodic rodents, such as rats (Rattus novegicus) and mice (Mus musculus) 

(Ukena and Tsutsui, 2001; Kriegsfeld et al., 2006), revealed some interesting similarities 

and differences.  For example, in the mouse central nervous system, RFRP-ir perikarya 

were localized in areas such as the dorsomedial hypothalamic nucleus, the periventricular 

hypothalamic nucleus, the lateral superior olive, and the nucleus of the solitary tract, 

whereas RFRP-ir fibers were found in the PVN and ME.  These results indicate that 

RFRPs may participate in neuroendocrine functions, as well as modulate behaviour, 

auditory sensation, and autonomic functions (Ukena and Tsutsui, 2001).  Interestingly, 

GnIH-ir fibers were only observed in the internal layer of the ME and their presence was 

relatively sparse in mammals (Kriegsfeld et al. 2006), whereas they were also detected in 

the external layers of the ME in avian species (Bentley et al., 2003; Ukena et al., 2003).  

Nonetheless, supporting a hypophysiotropic function, GnIH has been detected in ovine 

portal blood (Smith et al., 2012).  Furthermore, as in avian species, GnIH-ir fibers were 

found in close proximity to or in close contact (within 0.2 µm) with GnRH1-ir fibers in 

hamsters, mice and rats (Bentley et al., 2003; Kriegsfeld et al., 2006), strongly suggesting 
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a hypophysiotropic function.  The close association between GnIH and GnRH neurons 

has now been established in all species investigated to date, including humans (reviewed 

in Tsutsui et al., 2012) and suggests that their neuronal mRNA expression and protein 

secretion are also linked.  Recent studies in mice have demonstrated that, increased 

numbers of GnIH cells in the dorsomedial hypothalamus (DOA) (due to neonatal 

dexamethasone treatment, in vivo) inhibit GnRH signals in the POA, suggesting GnIH 

indeed modulates neuronal GnRH mRNA expression as a mechanism of altering the 

reproductive axis (Soga et al., 2012).  Further exploration of the interactions between the 

GnIH and GnRH systems will be important in understanding the control and modulation 

of reproduction and growth.  Regardless of the outcome of these future studies, the 

current findings have already reshaped what reproductive physiologists know about the 

control of GTHs and the complex feedback mechanisms involved in the HPG axis in 

higher vertebrates.  

In goldfish, in situ hybridization and immunohistochemistry studies showed that 

gGnIH mRNA and protein were both localized in the nucleus posterioris periventricularis 

(NPPv) (Sawada et al., 2002b).  Interestingly, gGnIH-ir fibers from the NPPv, which had 

previously been identified as the source of catecholaminergic innervation for the pituitary 

from the paraventricular area of the hypothalamus in teleosts (Fryer et al., 1985), 

similarly project towards the pituitary gland (Sawada et al., 2002b).  In addition, the 

NPPv contains perikarya for sGnRH neurons (Kah et al., 1984, 1986), providing the 

anatomical basis for gGnIH-sGnRH interaction.  Supporting the idea of such interactions, 

gGnIH injection resulted in down-regulation of hypothalamic sGnRH mRNA levels but 

did not affect cGnRH-II mRNA expression (Qi et al., 2013a).  Positive 



 

 15 

immunohistochemical staining for gGnIH was also observed in the brains of sockeye 

salmon, Oncorhynchus nerka, although some differences exist (Amano et al., 2006).  For 

example, in goldfish gGnIH-ir was found in the nervous terminalis (NT) and the nucleus 

lateralis tuberis pars posterioris (NLTp) (Sawada et al., 2002b), areas also rich in GnRH 

fibers (Kah et al., 1984, 1986), but this was not observed in the sockeye salmon (Amano 

et al., 2006). 

The differences in GnIH localization between vertebrates may indicate species-

specific differences in its hypophysiotropic activity and other physiological functions of 

the action of this class of LPXRFamides.  However, our understanding of these 

differences is limited at present. 

In addition to its well-characterized expression and distribution in the brain, GnIH 

is also found in peripheral tissues including the gonads of birds and mammals, indicating 

a functional role for GnIH at extra-hypothalamic-pituitary tissues (Bentley et al., 2008; 

McGuire and Bentley, 2010; Li et al., 2012; Anjum et al., 2012; and see Sections 1.2.4 

and 1.2.7 below). 

 

1.2.4 Functions of GnIH 

Results from brain localization studies indicate that GnIH is most likely involved 

in hypophysiotropic function and regulation.  In support of this hypothesis, GnIH 

inhibited GTH release from cultured Japanese quail pituitaries (Tsutsui et al., 2000).  In 

addition it was seen that quail GnIH had the ability to attenuate GnRH-induced 

stimulation of circulating LH in non-breeding song sparrows (Melospiza melodia) and 
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reduced basal levels of circulating LH in Gambel's white-crowned sparrows (Zonotrichia 

leucophrys gambelii).  Avian GnIH and its mammalian ortholog have also been found to 

inhibit GTH release in mice, hamsters, sheep, pigs, and primates (Kriegsfeld et al., 2006; 

Johnson et al., 2007; Murakami et al., 2008; Clarke et al., 2008; Kadokawa et al., 2009; 

Smith et al., 2012; Li et al., 2013).  Additionally, GnIH inhibits pituitary mRNA 

synthesis of the common GTH-α subunit, as well as LH-β and FSH-β subunits, in quails, 

sheep, and pigs (Ubuka et al., 2006; Sari et al., 2009; Li et al., 2013). 

However, the inhibitory effects of GnIH are not universally observed across all 

species.  In the bullfrog it was noted that fGRP had no effect on the release of GTHs, but 

stimulated the release of GH, both in vivo and in vitro (Koda et al., 2002).  Furthermore, 

in the sockeye salmon, all three goldfish LPXRFamide peptides stimulated the release of 

GTHs and GH in a dose-dependent manner, with no effect on somatolactin or prolactin 

(Amano et al., 2006).  In recent studies using female goldfish, intraperitoneal (ip) 

injections of gGnIH significantly decreased sGnRH mRNA expression in the 

hypothalamus and FSH-β mRNA levels in the pituitary (Qi et al., 2013a).  Using primary 

cell cultures of female goldfish pituitaries, gGnIH did not affect basal LH-β and FSH-β 

mRNA expression, but reduced GnRH-stimulated LH-β and FSH-β subunit mRNA levels 

(Qi et al., 2013a).  Whether all three goldfish LPXRFa peptides act though the same 

receptor, or multiple receptors to exert these pituitary actions is unknown and more 

studies need to be performed to determine the function of gGnIH and its related peptides 

both in vivo and in vitro.  The effects of all GnIH orthologs and its related peptides on 

gonadotropes are summarized in Table 1.2, along with their mode of administration 

(modified from Tsutsui et al., 2012).  
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In addition to investigating the hypothalamo-hypophyseal function of GnIH, a 

current hot topic, is the role of GnIH in peripheral tissues, especially the gonads.  GnIH 

was initially discovered in the gonads of European starling and Japanese quail (Bentley et 

al., 2008).  The presence of GnIH transcripts in the ovarian granulosa cells, as well as the 

interstitial layer and seminiferous tubules of the testis, suggests a role of GnIH in steroid 

production, gonadal development, and gamete production.  In house sparrow testes, GnIH 

significantly reduced GTH-induced testosterone secretion, in vitro (McGuire and 

Bentley, 2010a); this effect was also confirmed in European starlings, but only in those 

prior to reaching their breeding stage (McGuire et al., 2011).  These findings suggest that 

although the GnRH system in the hypothalamus has been considered the main point of 

modulation in the vertebrate reproductive system, the gonads may also be a location in 

which GnIH modulates the HPG axis.  Interestingly in goldfish, implantation of GnIH 

peptides did not affect E2 levels in females, but significantly reduced serum T levels in 

males, suggesting the presence of sexual differences in GnIH gonadal actions in fish (Qi 

et al., 2013b). 

 

1.2.5 GnIH receptors  

To be able to understand the function and mechanisms of action of any endocrine 

factor, identification and characterization of its receptor(s), receptor functional coupling 

and receptor tissue distribution are important. To date, the GnIH receptor (GnIH-R) has 

been characterized in a few species.  Hydrophobic analysis has revealed that GnIH-R 

contains seven transmembrane regions and forms a new G-protein coupled receptor 
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(GPCR) superfamily.  GnIH-Rs (and subtypes) have been identified and characterized in 

chicken (Ikemoto and Park, 2005), European starling (Ubuka et al., 2008), pigs (Li et al., 

2013), humans (also referred to as GPR 147 or NPFF1) (Ubuka et al., 2009b), house 

sparrow (McGuire and Bentley, 2010a), and zebrafish (Zhang et al., 2010), and goldfish 

(Qi et al., 2013a).  In the Japanese quail, GnIH-R is expressed in many regions of the 

brain, including the diencephalon and pituitary (Yin et al., 2005).  In the goldfish, three 

GnIH-R (gGnIH-R) sequences were recently cloned and using in situ hybridization, were 

localized in the pituitary and hypothalamus (Qi et al., 2013a).  In the hypothalamus, all 

three gGnIH-Rs were found in the NPPv, nucleus preopticus (NPO), and NLT and with 

gGnIH-R1 mRNA being the most highly expressed.  It is important to note that the 

aforementioned hypothalamic regions coincide with GnRH neuronal locations (Ball, 

1981; Kah et al., 1984, 1986), adding further support to the postulated ability of gGnIH to 

affect GnRH neuronal activity in this species (also see Section 1.2.3 above).  In addition, 

the NPPv and NLT are sources of pituitary afferents and known to be involved in control 

of pituitary function in goldfish (Ball, 1981; Fryer et al., 1985).  Paradoxically, the 

mRNA of two of the three gGnIH-R forms were localized to the posterior pituitary but 

none was found in the anterior pituitary in goldfish (Qi et al., 2013a).  However, it is 

possible that 1) not all gGnIH-Rs have been identified in goldfish, 2) the sensitivity of the 

in situ hybridization may be limiting, and/or 3) the sexual reproductive status (late 

vitellogenic) of the fish used may have had some influence since GnIH-R expression 

levels has been shown to be vary inversely with reproductive activity in birds (Shimizu 

and Bédécarrats, 2010). 



 

 19 

The presence of GnIH-R mRNA in the hypothalamus and pituitary, when taken 

together with the known distribution of GnIH-ir fibers and GnRH neurons in the 

hypothalamus, suggests that GnIH not only acts directly on the pituitary via GnIH-R to 

inhibit GTH release but also may act at the level of the hypothalamus to inhibit GnRH 

release (Tsutsui and Ukena, 2006; also see Section 1.2.3, above).  Indeed, in the 

European starling (Sturnus vulgaris), GnIH-R mRNA is expressed in both GnRH1 and 

GnRH2 neurons (Ubuka et al., 2008), supporting the idea that hypothalamic GnIH action 

is in part mediated through modulation of GnRH neuronal activity. 

In mammals, information regarding the receptor for the mammalian GnIH 

ortholog, RFRP, lacks consensus.  The only specific receptor for RFRP discovered to 

date is OT7T022 (Hinuma et al., 2000), which is identical to one of the postulated 

receptors for NPFF, i.e., NPFF1 (Bonini et al., 2000).  Although both NPFF and RFRP 

are similar at their C-terminus, binding studies have clarified that receptor NPFF1 is most 

likely the receptor for GnIH, whilst NPFF2 is the receptor for NPFF itself (Elshourbagy 

et al., 2000; Kotani et al., 2001; Liu et al., 2001; Yoshida et al., 2003). 

In chickens, brain GnIH-R mRNA levels are higher during the inactive 

reproductive stages and its levels are inversely related to GnRH type III receptor mRNA 

levels, and GnIH-R activation is most likely coupled via Gαi, to inhibition of adenylyl 

cyclase and cAMP production (Shimizu and Bédécarrats, 2010).  Using a mouse 

gonadotrope cell line (LβT2), treatment with mouse GnIH resulted a significant inhibition 

of GnRH-induced cAMP signalling; indicating that mouse GnIH has the ability inhibit 

adenylate cyclase activity (Son et al., 2012).  In zebrafish, mRNA for all three GnIH-Rs 
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were detected at all embryonic stages, as well as after hatching, suggesting a role(s) for 

GnIH prior to gonadal differentiation, which may include influence on primordial germ 

cell migration and/or other neuromodulatory/neural development effects (Zhang et al., 

2010; Braat et al., 1999). 

mRNAs for GnIH-Rs have also been detected in peripheral tissues, including the 

ovaries and testes, in avian species (reviewed in Ubuka et al., 2013a; Ubuka et al., 

2013b).  The presence, in the gonads, of GnIH-R mRNA expression, coupled with that of 

GnIH mRNA and/or GnIH-ir, suggests autocrine/paracrine regulation of gonadal steroid 

production and maturation (Bentley et al., 2008; Maddineni et al., 2008a, 2008b; 

McGuire and Bentley, 2010a).  Likewise in zebrafish and goldfish, mRNAs for GnIH-Rs 

have been found in the ovaries and testes (Zhang et al., 2010; Qi et al., 2013b). 

 

1.2.6 Modulation of brain GnIH  

Currently, the primary known modulator of the brain GnIH system is melatonin 

(reviewed in Chowdhury et al., 2013).  The role of melatonin was initially discovered in 

Japanese quail where pinealectomized and orbital enucleation resulted in significantly 

reduced GnIH mRNA expression and peptide production, which was rescued in a dose-

dependent manner upon melatonin administration (Ubuka et al., 2005).  Additionally, 

GnIH neurons express melatonin receptors (specifically the melatonin 1c subtype) 

(Chowdhury et al., 2010).  Using hypothalamic explants, it was found that melatonin 

administration stimulates GnIH release in a dose-dependent manner (Chowdhury et al., 

2010).  In addition to birds (reviewed in Ubuka et al., 2013a, 2013b), a role for 
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melatonin-mediated enhancement of GnIH neuronal activity has also been implicated in 

the suppression of seasonal reproductive activity in hamsters, sheep, and rats (Revel et 

al., 2008; Dardente et al., 2008; Gingerich et al., 2009; and reviewed in Ubuka et al., 

2012).  These findings suggest the neuronal GnIH system is possibly regulated by 

photoperiod and may be involved in the neuroendocrine regulation of reproduction, at 

least in seasonal spawning species.  Based on what is currently understood regarding 

GnIH in higher vertebrates, Figure 1.2 depicts a simplified GnIH schematic, although the 

effects on LH, FSH, and GH in teleosts remain to be elucidated. 

 

1.2.7 Gonadal effects of GnIH 

 Along the HPG axis, the gonads are another important component to investigate 

as they integrate the signals modulating sex steroid production, support gamete 

development, and provide feedback onto the hypothalamo-hypophyseal system; all which 

are required to tightly control reproduction and ensure high fecundity, especially in 

seasonally reproductive species (reviewed in Trudeau, 1997; Lubzens et al., 2010; Schulz 

et al., 2010; Gonzalez et al., 2012).  Gonadal steroids such as E2 and T have been well-

documented in providing negative feedback of GTH secretion (Kobayashi et al., 1990), 

as well as potentiating GnRH-induced GTH levels (Trudeau et al., 1991). 

 Recently, GnIH has been found to affect gonadal maturation, development, and 

gonadal sex steroid secretion in birds and mammals.  Ubuka and colleagues showed that 

GnIH treatment reduced plasma T levels, induced testicular apoptosis and reduced 

spermatogenesis in mature birds, while it prevented testicular growth in immature birds 
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(2006).  However, it was not clear whether these effects were due to the GnIH-induced 

reduction of LH levels or due to direct gonadal actions of GnIH (Ubuka et al., 2006).  

However, it has since been shown that GnIH is able to directly inhibit GTH-induced T 

secretion in testicular tissue cultures (McGuire and Bentley, 2010), suggesting that direct 

actions of GnIH are also plausible.   

 Interestingly, GnIH treatment in mice in vivo did not result in changes in serum T 

levels (Mikkelsen et al., 2009) but elevated E2 concentrations (Singh et al., 2011).  On 

the other hand, GnIH reduced E2 secretion from pig granulosa cells in vitro (Li et al., 

2013).  Taken together, these results suggest species-specific differences and/or 

differences between direct (in vitro) and indirect (in vivo) actions on the gonads for GnIH 

exist.  Recently, gGnIH implantation in goldfish was reported to increase serum T levels 

between days 1-4, which was diminished by day 5 of treatment, indicating duration of 

exposure may also alter gonadal responses to GnIH in in vivo testing protocols (Qi et al., 

2013b). 

Further support for the direct actions of GnIH at the level of the gonads is 

provided by the demonstration of the presence of both GnIH and GnIH-R in the gonads 

of birds, mammals, and teleosts (Bentley et al., 2008; Maddineni et al., 2008a; Zhao et 

al., 2010; McGuire and Bentley, 2010, 2011; Singh et al., 2012; Oishi et al., 2012; Li et 

al., 2013; Qi et al., 2013b).  Together, these findings suggest a role for GnIH as a 

paracrine/autocrine regulator at the level of the gonads.  Recently, this hypothesis was 

confirmed in male goldfish, as gGnIH treatment was found to modulate gene expression 

in testis cell culture, with no effect in ovarian cell cultures (Qi et al., 2013b).  

Specifically, gGnIH treatment increased LH receptor (LH-R), steroidogenic acute 
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regulatory peptide (StAR), and 3-β-hydroxysteroid dehydrogenase (3-β-HSD) mRNA 

levels in testis cell cultures (Qi et al., 2013b).  These findings indicate that gGnIH may 

alter testicular responsiveness to LH, as well as steroidogenic capacity, which in turn has 

the potential to alter gonadal steroid feedback influences on the hypothalamus and 

pituitary. 

 

 

1.3 Hypotheses, experimental approach and rationale  

The literature reviewed above provides evidence that GnIH is an important 

component of the HPG axis.  However, our information on the physiological functions of 

GnIH is incomplete, and very little is known about the role of this neuropeptide in lower 

vertebrates, such as teleosts.  Based on the findings in higher vertebrates such as birds, 

mammals, and amphibians, GnIH may have other functions in addition to its inhibitory 

influence on gonadotrope functions.  There is also evidence that suggest GnIH and 

related compounds, such as RFRP-3 (Johnson et al., 2007; reviewed in Bentley et al., 

2009), are also be involved in the regulation of GH production in vertebrates, although 

current information is limited.  Since GnIH is known to modulate GnRH-induced LH 

release in higher vertebrates (reviewed in Tsutsui et al., 2013; Ubuka et al., 2013a, 

2013b) and GnRH is an important and well-characterized stimulator of GH, as well as 

LH, secretion in many fish species examined (reviewed in Melamed et al., 1998), 

elucidation of GnIH influences on both basal, as well as GnRH effects on, gonadotrope 

and somatotrope functions is necessary.  Furthermore, with the findings that GnIH and its 
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receptors are expressed in gonadal tissues, it would be important to investigate the role of 

GnIH on gonadal gene expression.   

 Thus, the main purpose of this thesis study is to investigate the role of GnIH at all 

levels of the HPG axis, using goldfish as the experimental model.  Goldfish is particularly 

suitable because they are easy to maintain in the lab and readily available commercially.  

More importantly, their annual reproductive cycle and hormonal profiles are well-

characterized along with their neuroendocrine regulatory mechanisms (Popesku et al., 

2008).  Additionally, many of the signal transduction mechanisms involved in the 

regulation of pituitary GTH and GH release and gene expression has been extensively 

investigated (Popesku et al., 2008; Chang et al., 2009, 2012).  Many biochemical and 

molecular tools for the investigation of pituitary and gonadal responses are already 

available, and experimental systems for both in vivo and in vitro testing have been 

established.  The synthetic native GnIH peptide, gGnIH, is also available.  Furthermore, 

being a representative cyprinid, results are applicable to other cyprinid species important 

in the aquaculture industry of many countries. 

The overarching hypothesis for my dissertation is that GnIH is not a simple 

inhibitory hormone, and that it is able to differentially modulate gonadotrope and 

somatotropes functions, as well as modulate hypothalamic and gonadal gene expression.  

In particular, the following specific hypotheses are tested: 

1) gGnIH is able to modulate the basal expression of GTH-β subunits and 

secretion of LH and GH in the goldfish pituitary. 

2) gGnIH is able to alter GnRH-induced effects on goldfish gonadotropes and 

somatotropes.  
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3) gGnIH is able to act directly at the level of the gonads to alter expression of 

important reproductive genes in basal and in response to GTH stimulation. 

4) gGnIH effects vary with gonadal recrudescence stages. 

Initial studies were carried out in an in vivo system using an injection protocol to 

investigate the effect of GnIH on the pituitary in the whole organism.  Goldfish were 

treated with either gGnIH alone or in combination with the two native goldfish GnRHs 

(sGnRH and cGnRH-II) to investigate the effects of GnIH on basal and GnRH-mediated 

changes in gonadotrope and somatotropes functions.  Serum LH and GH were measured 

by radioimmunoassay (RIA); FSH levels could not be quantified due to a lack of a 

specific FSH-antibody for RIA.  LH-β, FSH-β, and GH mRNA levels in the pituitary 

were analyzed using well-characterized quantitative real time PCR (QPCR) methods.  I 

was also able to obtain a partial sequence (containing 4 of the 7 transmembrane regions) 

for the GnIH-R using 5’ and 3’ RACE, which was used to design and validate GnIH-R 

primers, to measure tissue expression of this gene in the hypothalamus and gonads. 

Unlike birds and mammals, teleosts do not contain a ME, and hypothalamic 

neurons (such as GnRH neurons) directly innervate the adenohypophysis (Trudeau, 

1997).  Therefore, to study the in vitro effects of GnIH on the goldfish pituitary, 

dispersed pituitary cells in primary cultures were used either in static incubation or 

column perifusion in order to eliminate the potential of GnIH acting on hypothalamic 

neuronal terminals that would be present in pituitary tissues/fragments.  Using a 

combination of in vitro and in vivo approaches allowed us to investigate direct and 

indirect effects of GnIH on basal and GnRH-induced changes in gonadotrope and 

somatotrope functions.  In the static culture studies, media samples were collected for LH 
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and GH RIA analysis and pituitary cells were used for QPCR analysis of LH-β, FSH-β, 

and GH mRNA expression.  Cell column perifusion studies were used to investigate 

short-term, real-time effects of GnIH on pituitary secretion of LH and GH, with this 

method minimizing the possibility of paracrine/autocrine effects. 

For in vivo studies, I investigated the role of gGnIH on basal and GnRH-induced 

changes in gonadotrope and somatotrope functions at different stages of gonadal 

recrudescence: early (fall), mid (mid-winter), and late (spring).  Because of the large 

number of fish required at a time to perform each of the above studies, it was impractical 

to separate male from female goldfish.  Thus all experiments were performed with tissues 

from both males and females, except for the gonadal investigations where testicular and 

ovarian tissues were tested separately. 
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Table 1.1 Amino acid sequences of GnIH and its orthologs in vertebrates 

Animal Name Peptide sequence 
Human RFRP-1 MPHSFANLPLRFa 

 RFRP-3 VPNLPQRFa 
Macaque RFRP-1 MPHSVTNLPLRFa 

 RFRP-3 SGRNMEVSLVRQVLNLPQRFa 
Cow RFRP-1 SLTFEEVKDWAPKIKMNKPVVNKMPPSAANLPLRFa 

 RFRP-3 AMAHLPLRLGKNREDSLSRWVPNLPQRFa 
Sheep RFRP-1 SLTFEEVKDWGPKIKMNTPAVNKMPPSAANLPLRFa 

 RFRP-3 VPNLPQRFa 
Rat RFRP-1 SVTFQELKDWGAKKDIKMSPAPANKVPHSAANLPLRFa 

 RFRP-3 ANMEAGTMSHFPSLPQRFa 
Hamster RFRP-1 SPAPANKVPHSAANLPLRFa 

 RFRP-3 TLSRVPSLPQRFa 
Quail GnIH SIKPSAYLPLRFa 

 GnIH-RP-1 SLNFEEMKDWGSKNFMKVNTPTVNKVPNSVANLPLRFa 
 GnIH-RP-2 SSIQSLLNLPQRFa 

Chicken GnIH SIRPSAYLPLRFa 
 GnIH-RP-1 SLNFEEMKDWGSKNFLKVNTPTVNKVPNSVANLPLRFa 
 GnIH-RP-2 SSIQSLLNLPQRFa 

Sparrow GnIH SIKPFSNLPLRFa 
 GnIH-RP-1 SLNFEEMEDWGSKDIIKMNPFTASKMPNSVANLPLRFa 
 GnIH-RP-2 SPLVKGSSQSLLNLPQRFa 

Starling GnIH SIKPFANLPLRFa 
 GnIH-RP-1 SLNFDEMEDWGSKDIIKMNPFTVSKMPNSVANLPLRFa 
 GnIH-RP-2 GSSQSLLNLPQRFa 

Zebra 
finch GnIH SIKPFSNLPLRFa 

 GnIH-RP-1 SLNFEEMEDWRSKDIIKMNPFAASKMPNSVANLPLRFa 
 GnIH-RP-2 SPLVKGSSQSLLNLPQRFa 

Frog fGRP SLKPAANLPLRFa 
 fGRP-RP-1 SIPNLPQRFa 
 fGRP-RP-2 YLSGKTKVQSMANLPQRFa 
 fGRP-RP-3 AQYTNHFVHSLDTLPLRFa 

Newt nLPXRFa-1 SVPNLPQRFa 
 nLPXRFa-2 MPHASANLPLRFa 
 nLPXRFa-3 SIQPLANLPQRFa 
 nLPXRFa-4 APSAGQFIQTLANLPQRFa 

Goldfish gfLPXRFa-1 PTHLHANLPLRFa 
 gfLPXRFa-2 AKSNINLPQRFa 
 GnIH SGTGLSATLPQRFa 

Zebrafish LPXRFa-1 SLEIQDFTLNVAPTSGGASSPTILRLHPIIPKPAHLHANLPLRF
a 

 LPXRFa-2 APKSTINLPQRFa 
 LPXRFa-3 SGTGPSATLPQRFa 
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Table 1.2 Effects of GnIH and its orthologs on gonadotropes in vertebrates 

Animal Name Gonadotrope effects Mode of 
administration 

Cow RFRP-3 Inhibition of GnRH-elicited GTH 
release in vitro 

  Inhibition of GTH release iv 

Sheep RFRP-3 Inhibition of GnRH-elicited GTH 
release in vitro 

  Inhibition of GTH release iv 

  Inhibition of GnRH-elicited GTH 
synthesis and release in vitro 

  Inhibition of GnRH-elicited LH release iv 
Pig RFRP-3 Inhibition of GTH release in vitro 

  Inhibition of GnRH-elicited GTH 
release in vitro 

Rat RFRP-3 Inhibition of GTH release icv 
  Inhibition of GTH release iv 

  Inhibition of GnRH-elicited GTH 
release in vitro 

Hamster RFRP-1 Inhibition of GTH release icv 
 RFRP-3 Inhibition of GTH release icv 
  Inhibition of GTH release ip 

Quail GnIH Inhibition of GTH release in vitro 

  Inhibition of GTH synthesis and 
release ip 

Chicken GnIH Inhibition of GTH synthesis and 
release in vitro 

Sparrow GnIH Inhibition of GnRH-elicited GTH 
release iv 

  Inhibition of GTH release iv 
  Inhibition of GTH release icv 

Goldfish gfLPXRF-1 Stimulation of GTH  in vitro 
 gfLPXRF-2 Stimulation of GTH in vitro 

  Inhibition of FSH-β and LH-β 
expression ip 

  Inhibition of hypothalamic sGnRH 
expression ip 

 gGnIH Stimulation of GTH release in vitro 
  Inhibition of FSH-β expression in vitro 

  Inhibition of GnRH-elicited GTH 
synthesis in vitro 

  Inhibition of hypothalamic sGnRH 
expression ip  

Zebrafish LPXRF-3 Inhibition of GTH release ip 
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Figure 1.1 Schematics of changes in circulating levels of LH and FSH, as well as 

gonadal steroids 17β-estradiol (E2), testosterone (T), and 17α , 20β-dihydroxy-4-

pregnen-3-one (17-20-P) during the three main stages of ovarian recrudescence in 

goldfish: Early (fall), Mid (winter), Late (spring).  The oocyte maturational status at 

each stage is also depicted, with increased levels of vitellogenesis as the female oocytes 

mature, up to the ovulatory surge, which leads to ovulation. Although not shown in this 

figure, testicular recrudescence also occurs in males starting in the fall with gonadal size 

increasing across the recrudescent stages, leading to spermiation in the spring. 
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Figure 1.2 Hypothesized model of GnIH function in goldfish, with unknown effects 

of GnIH on pituitary LH, FSH, and GH release and/or mRNA expression.  GnIH 

fibers are in close contact with GnRH fibers, which also express GnIH-R.  This diagram 

is primarily based on what is known in avian species. 
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 Chapter Two: Methods and materials 
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2.1 Hormones 

gGnIH (SGTGLSATLPQRF-NH2) was synthesized at the University of Calgary’s 

Peptide Services (Calgary, AB, Canada).  sGnRH [Trp7, Leu8] and cGnRH-II [His5, Trp7, 

Tyr8] were purchased from American Peptide (Sunnyvale, CA, USA).  hCG was 

purchased from Sigma-Aldrich Canada (Oakville, ON, Canada).  Stock solutions of 

gGnIH or GnRH were made up in phosphate-buffered saline (1 × PBS) and stored in 

aliquots at −20 °C until used.  For gonadal tissue culture experiments, stock hormone 

solutions of gGnIH and hCG were dissolved in Ultrapure water (Invitrogen, Burlington, 

ON, Canada) and stored at - 20 °C until used.  Prior to each experiment, hormones were 

dissolved to the desired concentration in phosphate buffered saline (PBS) for in vivo 

experiments and in culture media for in vitro experiments. 

 

 

2.2 Animals 

All protocols involving animals were approved by the appropriate university 

animal care committees in accordance with the principles and guidelines of the Canadian 

Council on Animal Care.  For in vivo and in vitro static incubation experiments, male and 

female goldfish were purchased from Aquatic Imports (Calgary, AB) and allowed to 

acclimatize for a minimum of 4 days to a maximum of 7 days in flow through tanks.  

Water temperature was approximately 19 °C at the very beginning of gonadal 

recrudescence (early fall), 14 °C at mid-recrudescence  (winter), and 16 °C in late 

recrudescence to prespawning (=sexually matured; late winter to early spring) stages.  

Day/night light conditions were maintained at 12 h light, 12 h dark for the acclimatization 
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period during all seasons.  The goldfish were approximately 7-12 cm in length (2 years of 

age), and their weight averaged 23-25 g.  The goldfish were fed a commercial diet of 

Nutrafin floating food pellets, as recommended by the manufacturer (Hagen, Baie d'Urfé, 

Québec, Canada).  Fish were anaesthetized in tricaine methanesulfonate (MS-222, 

Sigma–Aldrich, USA), prior to each injection or blood collection.  Additionally, spinal 

transection (euthanization) was performed prior to tissue collection.  Tissues from both 

males and females were collected.  Gonadal conditions (recrudescence stage) were 

checked visually and only samples from fish at the appropriate recrudescence stage were 

analyzed.  Gonadal somatic index (GSI) was also calculated in some experiments to 

confirm the maturational status. 

For in vitro cell column perifusion acute hormone release, male and female 

common goldfish purchased through Aquatic Imports (Calgary, AB, Canada) were 

maintained in flow-through aquaria (1800 l) at 17–18 °C under a simulated Edmonton, 

AB, Canada photoperiod (times of graded light on and light off adjusted weekly 

according to the time of sunrise and sunset) at the aquatic facilities at the University of 

Alberta.  Fish were fed to satiation daily at a scheduled feeding time in the morning with 

commercial fish food.  All animals were acclimated to the above conditions for at least 

7 days prior to use.  

 

 

2.3 Dispersed cell experiments 

Goldfish were anaesthetized, euthanized, and pituitaries excised and dispersed 

using a modified trypsin-DNase protocol (Chang et al., 1990; Klausen et al., 2001, 
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2002b).  In brief, pituitaries were placed in dispersion medium (medium 199 with Hanks’ 

salts, 25 mM HEPES, 2.2 g/l NaHCO3, 0.3 % BSA, 100 000 U/l penicillin, 100 mg/l 

streptomycin, pH 7.2; Life Technologies), diced into fragments, and treated sequentially 

with trypsin (25 000 U/ml), trypsin inhibitor (25 000 U/mL), DNase II (0.01 mg/mL), 

2 mM EGTA, and 1 mM EGTA.  The fragments were dispersed by gentle trituration in 

Ca2+-free HBSS (Hank’s balanced salt solution) with 25 mM HEPES, 2.2 g/L NaHCO3, 

0.3 % BSA, 100 000 U/L penicillin, 100 mg/L streptomycin (pH 7.2).  Cell yield and 

viability were determined using trypan blue exclusion (viability consistently 95%), and 

the cells were resuspended in culture medium (medium 199 with Earle’s salts 25 mM 

HEPES, 2.2 g/L NaHCO3, 100,000 U/L penicillin, 100 mg/L streptomycin, pH 7.2; 

Gibco).   

 

 

2.4 Gene expression  

2.4.1 RNA extraction and reverse transcription 

Total RNA was extracted using TRIzol Reagent (Invitrogen, Canada) according 

to the manufacturer’s protocol (Chomcyzski and Sacchi, 1987).  Total RNA was 

quantified and the quality determined using NanoDrop (Thermo Scientific) spectro-

photometric readings at 260 and 280 nm.  Four µg of total RNA was reverse transcribed 

in a total volume of 18 ml, using an oligo-d(T) anchor and M-MLV reverse transcriptase 

(Life Technologies, Burlington, ON, Canada) according to the manufacturer’s protocol.  

The resulting cDNA was diluted four-fold and stored at -20 °C for use in quantitative real 

time PCR (QPCR, Section 2.4.2, below). 
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2.4.2 Quantitative polymerase chain reaction 

QPCR was conducted to determine the relative expression of mRNA levels from 

pituitary, hypothalamus, and gonadal samples.  β-actin was used as an internal control for 

pituitary and hypothalamic samples.  Glyceraldehyde 3-phosphase dehydrogenase 

(GAPDH) was used an internal control for gonadal samples.  Primers for all genes were 

designed with reference to the known goldfish sequences.  Primers for gGnIH-R were 

designed based on my partial sequence (GenBank Accession JN204438), which was 

obtained by 3’ RACE (Rapid Amplification of cDNA ends) using SMART RACE kit 

(Clontech Laboratories, Inc).  All forward and reverse primers along with their annealing 

temperature for pituitary/hypothalamic and gonadal tissue are listed in Tables 2.1 and 2.2, 

respectively. 

 PCR amplification was conducted using a BIO-RAD iCycler iQ Multicolor Real-

Time PCR Detection System (Bio-Rad, USA) and iQ™ SYBR Green Supermix (Bio-

Rad, USA), according to the manufacturer’s instructions.  Briefly, the conditions per well 

were: 12.5 µl SYBR Green PCR Master Mix (Qiagen Mississauga, Canada), 1 µl of 

diluted cDNA, 0.25 µM dNTP, 6.25 µM of each primer and Ultrapure distilled water 

(Invitrogen, Burlington, ON, Canada) to a total volume of 25 µl.  QPCR was carried out 

as follows: initial denaturation at 95 °C for 5 min; 35 cycles of denaturation at 95 °C for 

10 s, annealing at the gene-specific temperature (Tables 2.1 and 2.2) for 40 s.  Each 

experimental sample was run in triplicate to ensure consistency.  Gene expression data 

are normalized by expressing as the change with respect to the corresponding β-actin 

calculated threshold cycle (Ct) levels.  All mRNA expression data for treatment groups 
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are compared to controls values similarly normalized to β-actin or GAPDH levels and at 

the same reproductive state.   

To ensure that the primers amplified a single product, I performed a melt curve 

for every QPCR plate.  All primers used were shown to amplify only one size of 

template, melting at only one temperature (data not shown).  PCR products were also 

confirmed by sequencing (University of Calgary Core DNA services, data not shown).  

The efficiencies of the reactions were determined by performing the QPCR on serial 

dilutions of cDNA.  The efficiencies for all genes were between 90-105%, which is 

considered in the optimal range for QPCR analysis. 

 

 

2.5 LH and GH radioimmunoassays 

 Blood samples were taken from the caudal vein and allowed to clot for collection 

of serum samples (stored at -20 °C).  Culture media or perifusate collected from in vitro 

experiments were also stored at -20 °C.  LH (GTH-II) and GH levels in these samples 

were measured using well-established specific LH and GH radioimmunoassays (RIAs), 

as described by Peter and colleagues (1984) and Marchant and colleagues (1987), 

respectively. 

 

 

2.6 Statistical analysis 

 The results are presented as the mean ± S.E.M.  Unless otherwise stated, 

statistical analysis was performed using one-way ANOVA.  When the ANOVA showed 
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the presence of a significant difference (P < 0.05) post-hoc multiple comparisons of the 

means were performed using Tukey's test (Prism statistical software; GraphPad Software, 

Inc., La Jolla, CA, USA). 
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Table 2.1 QPCR primer sequences and annealing temperatures for genes measured 

in pituitary and hypothalamic samples. 

 

 
 
 
 
 

Gene Primer Sequence (5’ – 3’) 
Annealing 

Temperature 
(°C) 

FSH-β forward CACAATTGACACCACTGCCTGTGC 60 

FSH-β reverse CTCGTAGGTCCATTCTCTTGAAGTTACA 60 

LH-β forward ACAGACCACCATCTGCAGCG 60 

LH-β reverse CTGGCAAGCGGACAGTCTCGTAG 60 

GH 1 forward GTCTCAAACAGCCTGACCGTCG 60 

GH 2 forward GTCTCAAACAGCCTGACCGCCG 60 

GH 1 reverse CAGCGGCAGGGAGTCGTTATCATC 60 

GH 2 reverse CAGTGGTAGGGAGTCGTTATCAT 60 

gGnIH forward TAATGTAGCTCCAACCAGCG 60 

gGnIH reverse TTCCCTTGGGGTATTCTCTG 60 

gGnIH-R forward GCTCATGCTGCGACCGATTAC 60 

gGnIH-R reverse TGAAGTTCTCGTTAAGTAGCC 60 

β-actin forward AGCTGTGTCCGTATCTTTGGGCTT 57 

β-actin reverse GAGCAGTTGAGCAAAGGCATTCCA 57 
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Table 2.2 QPCR primer sequences and annealing temperatures (aT in °C) for genes 
measured in gonadal tissues.  
 

Gene 
Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 

a 

T 

gGnIH-R GCTCATGCTGCGACCGATTAC TGAAGTTCTCGTTAAGTAGCC 60 

FSH-R CTTACCGTCCACAATCCTACC TTTAAGGCTGCGGAGATGG 60 

LH-R TGAGGACAAGTTTGGCAGGATGGA ATGAACCAAATAGCCACCCGCAAG 60 

ER-α GAGGAAGAGTAGCAGCACTG CCTCTCTTGCTTTGAGCCTC 55 

ER-β1 GGCAGGATGAGAACAAGTGG GTAAATCTCGGGTGGCTCTG 55 

ER-β2 GGATTATTCACCACCGCACG TTCGGACACAGGAGGATGAG 55 

AR AGCTGTGTCCGTATCTTTGGGCTT GAGCAGTTGAGCAAAGGCATTCCA 58 

CYP19a TTGTGCGGGTTTGGATCAATGGTG TTCCGATACACTGCAGACCCAGTT 55 

StAR ATGGCTGGCAAACTGAGATCGAGA TCCATGTTATCCACCAGCTCCTCA 57 

Activin 

βA 
TTTAAGGACATCGGGTGGAG TGATTGATGACGGTGGAATG 62 

Follistatin CAACAACCAGTGCGGCAAT CCACGTGCTTGCTTGGTAGA 57 

GAPDH TGATGCTGGTGCCCTGTATGTAGT TGTCCTGGTTGACTCCCATCACAA 57 
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 Chapter Three: Seasonal effect of GnIH on gonadotrope functions in the pituitary 

of goldfish 
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3.1 Introduction 

Reproduction is controlled primarily through the hypothalamic-pituitary-gonadal 

(HPG) axis in vertebrates.  It is established that gonadotropin (GTH)-releasing hormone 

(GnRH) plays a pivotal role in the control of reproduction in all vertebrates by 

stimulating the synthesis and secretion of the hypophyseal gonadotropins, luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH) that regulate gonadal sex steroid 

production and gametogenesis.  In addition to GnRH, the control of reproduction is 

known to involve a number of other neuroendocrine factors including, amino acids, 

biogenic amines, steroids and peptides that influence the production and release of LH 

and FSH (Shupnik, 1996; Peter and Yu, 1997; Yaron et al., 2003, Chang et al., 2009). 

Recently, a class of amidated peptides with an arginine and phenylalanine motif at 

the C-terminal end (known as RF-amide peptides) has been shown to play a role in the 

control of reproduction and growth in vertebrate species (for reviews see Tsutsui et al., 

2009, 2010).  In vertebrates, neurons containing RF-amide peptides project to the 

hypothalamic region close to the pituitary gland, suggesting RF-amide peptides have 

hypophysiotrophic actions (Tsutsui et al., 2000).  Based on experiments carried out on 

avian species, a group of RF-amides having the LPXRFamide (X = L or Q) motif has 

been named RF-amide related peptides (RFRP) or gonadotropin-inhibiting hormone 

(GnIH) because of their abilities to inhibit LH and FSH release.  Subsequently, inhibitory 

action of these peptides on GTH production and/or release has been demonstrated in 

other vertebrates, including fish, avian and mammals (for review see Tsutsui et al., 2010; 

2012). 
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 Comparative studies indicate that these LPXRFamide (X = L or Q) variants form 

a group of GnIH orthologs that are conserved among vertebrates (reviewed in Tsutsui et 

al., 2012).  In avian species, hypothalamic GnIH neurons contain melatonin receptors and 

GnIH expression is directly regulated by melatonin derived from the pineal gland and 

eyes (Ubuka et al., 2005).  Pinealectomy combined with orbital enucleation in quails 

reduced the production of GnIH, whereas administration of melatonin to these birds 

caused a dose-dependent increase in the expression and production of GnIH (Ubuka et 

al., 2005; Chowdhury et al., 2010).  These and other studies in mammals indicate that 

GnIH plays a role in seasonal regulation of reproduction mediated by photoperiod (for 

review see Kriegsfeld et al., 2010). 

Despite evidence suggesting a potential role as a negative regulator of 

gonadotropin production and release, GnIH effects remain controversial (for review see: 

Tsutsui et al., 2010).  For example, while most studies in rodent, primate, and bovine 

indicate that GnIH can suppress basal and GnRH-stimulated LH release by direct actions 

at the level of the pituitary, as well as by actions on hypothalamic GnRH neurons 

(Kriegsfeld et al., 2010; Pineda et al., 2010), intravenous (iv) injection of GnIH had no 

effects on LH secretion in rats in another study (Rizwan et al., 2009).  In birds, GnIH 

inhibits the release of LH and FSH from cultured pituitary cells of Japanese quail in vitro 

(Tsutsui et al., 2000) and reduces serum levels of LH in vivo in quail (Ubuka et al., 2006), 

song sparrows, and Gambel’s white-crowned sparrows (Osugi et al., 2004), but not in 

Rufous-winged sparrow (Deviche et al., 2006).  Furthermore, goldfish GnIH and its 

related peptides stimulate the release of LH and FSH from cultured pituitary cells of 

sockeye salmon (Amano et al., 2006).  Thus, although GnIH likely participates in the 
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multifactorial control of reproduction, the exact physiological effect of GnIH between 

and within vertebrate groups is still unclear. 

Among lower vertebrates, one of the best-characterized study models of 

multifactorial control of seasonal reproduction is the goldfish (for reviews see: Popesku 

et al., 2008; Chang et al., 2009).  In goldfish, similar to other vertebrates, 3 putative GnIH 

sequences have been sequenced.  Two of the putative goldfish LPXRFamide peptides -1 

and -2, lack the dibasic C-terminal cleavage sequences often required for the formation of 

a mature peptide.  Mass spectrometry analysis failed to detect GnIH-1 and -2, but 

LPXRFamide GnIH-3 (SGTGLSATLPQRF-NH2) was detected in the goldfish 

hypothalamus (Sawada et al., 2002b).  In goldfish, GnIH neuronal cell bodies are 

localized in the posterior periventricular hypothalamic area, and they project towards 

various brain regions and to the pituitary through the lateral tuberal region (equivalent to 

the arcuate nucleus of mammals; Sawada et al., 2002b).  Studies in female goldfish have 

shown that intraperitoneal (ip) administration of the zebrafish GnIH peptide (LPXRFa 

peptide-3) significantly reduced basal serum LH levels (Zhang et al., 2010).  These 

results suggest that unlike salmonids, GnIH likely serves as an inhibitory 

hypophysiotropic regulator of gonadotrope functions in goldfish but how native goldfish 

GnIH acts is unknown. 

In vertebrates, the G-protein coupled receptor for GnIH (GnIH-R) was initially 

identified in Japanese quail and its mRNA was detected in the pituitary and several brain 

regions (Yin et al., 2005).  Since then, GnIH-Rs (and subtypes) have been identified and 

characterized in chicken (Ikemoto and Park, 2005), European starling (Ubuka et al., 

2008), humans (also referred to as GPR147 or NPFF1) (Ubuka et al., 2009), house 
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sparrow (McGuire and Bentley, 2010), and zebrafish (Zhang et al., 2010).  In chickens, 

GnIH-R levels are higher during the inactive reproductive stages and its levels are 

inversely related to GnRH type III receptor levels, and GnIH-R activation is most likely 

coupled via Gai, to inhibition of adenylyl cyclase and cAMP production (Shimizu and 

Bédécarrats, 2010).  However, other than the aforementioned, very little is known 

regarding the relationship between GnIH and GnIH-R, especially in teleosts. 

In the present chapter, I investigated the effects of synthetic goldfish GnIH-3 

(abbreviated as gGnIH) on the pituitary LH-β and FSH-β mRNA levels, and serum LH 

concentrations at different stages of gonadal recrudescence in goldfish.  I also 

investigated the effects of gGnIH on goldfish pituitary GnIH receptor (gGnIH-R) mRNA 

levels.  The results provide novel information on the direct and indirect effects of a native 

GnIH form on basal production of LH and FSH in goldfish at different stages of gonadal 

recrudescence in goldfish. 

 

 

3.2 Materials and methods 

3.2.1 Animals 

Male and female goldfish purchased from Aquatic Imports (Calgary, AB) were 

used.  Water temperature was approximately 19 °C for experiments with fish at early 

gonadal recrudescence (September/October), 14 °C at mid-recrudescence  (December), 

and 16 °C in late recrudescence to prespawning (=sexually matured; March) stages.  

Recrudescence, or gonadal stage, was assessed by visual inspection of the gonads and the 
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gonadal somatic index (GSI) of a sample of the population.  Early gonadal recrudescence 

GSI was calculated to be approximately 1.5-3 %, mid-gonadal recrudescence GSI 5-6 %, 

mid-late gonadal 7-8 %, and late gonadal recrudescence was 8-12 %.  Tissues from both 

males and females were collected.   

 

3.2.2 Primary pituitary cell culture 

Goldfish were anaesthetized, euthanized, and pituitaries excised and dispersed 

using a modified trypsin-DNase protocol (Chapter 2, Section 2.3; Klausen et al., 2002b).  

The cells were plated in 6-well Falcon Primaria plates (VWR, Edmonton, Alberta, 

Canada) at a density of 1 million cells/ml of culture medium and allowed to settled for 

2 h at 28 °C, 5 % CO2 with saturated humidity.  Horse serum was then added to a final 

concentration of 1 % and the cells were allowed to recover overnight (approximately 14-

16 h).  Cells in static incubation cultures were treated continuously with stimuli for 12 h.  

At the end of incubation, media samples were removed, and cells were used for RNA 

extraction (Chapter 2, Section 2.4.1).  Each experiment was repeated twice (separate cell 

preparations) with 4 replicate wells per cell preparation. 

 

3.2.3 Injection experiments 

Goldfish were lightly anaesthetized with MS-222 (200 mg/l) prior to injection. 

Hormones were prepared as mentioned in Chapter 2, Section 2.1.  Goldfish were each 

injected twice, first at time 0 h (07:00), and later at 12 h (19:00).  This protocol was 

chosen based on previous in vivo studies with GnRH where the first injection served as a 

priming treatment, as it has been found that multiple GnRH injections progressively 
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increase and prolong serum LH response (Omeljaniuk et al., 1989).  At each injection 

time, each fish in the treatment group was given an injection of 2 µg of gGnIH while 

controls were sham injected with PBS.  This dose was used based on preliminary studies 

in which 2 µg of gGnIH resulted in increased effects compared to the higher dose of 4 µg 

(unpublished data).  Similar doses have since been found to result in gGnIH-induced 

effects in goldfish (Qi et al., 2013a).  Furthermore, as the weights of the goldfish were all 

within a narrow range (between 20-25 g), their body weight was not taken into 

consideration for the dose of gGnIH received.  At 12 h post-second-injection (07:00), 

blood was taken from the caudal vein and allowed to clot for collection of serum samples 

(stored at -20 °C) and subsequent analysis for LH levels using a RIA (Chapter 2, Section 

2.5).  Pituitaries were also removed and stored at -80 °C for RNA extraction (Chapter 2, 

Section 2.4.1).  Two or three pituitaries from fish of similar gonadal recrudescence were 

pooled together to have sufficient total mRNA levels in order to be detectable and 

concentrated enough in the range of the efficiency for QPCR.  QPCR protocol was 

performed as mentioned in Chapter 2, Section 2.4.2. 

 

3.2.4 Statistical analysis 

Statistical analyses were performed on log-transformed data using one-way 

analysis of variance (ANOVA) with multiple comparisons of the means using the 

Tukey’s test only when ANOVA revealed the presence of statistical significant 

differences between groups (P < 0.05). 
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3.3 Results 

3.3.1 Seasonal effects of gGnIH on pituitary LH-β and FSH-β subunit mRNA levels and 
circulating LH levels in goldfish, in vivo 

In order to understand the physiological effects of GnIH on gonadotrope 

functions, we first examined the effects of ip injection of gGnIH (2 µg/fish, two 

injections, 12 h apart) on serum LH levels in goldfish at four different times of the 

gonadal recrudescence cycle.  In fish with gonads at early (October) and mid-

recrudescence (December), serum LH levels were significantly lower at 12 h post-

second-injection in the gGnIH-treated group compared to controls; however, serum LH 

did not differ between controls and gGnIH-injected fish with gonads at mid- to late 

recrudescence (February) and at late recrudescence/prespawning stages (March) (Figure 

3.1).  To evaluate if changes in serum LH levels corresponded with effects on gene 

expression in the pituitary, I used QPCR to measure relative changes in LH-β subunit 

levels (Figure 3.1).  In contrast to the changes in serum LH levels, pituitary LH-β subunit 

mRNA contents were significantly elevated in gGnIH-injected fish at early, mid-, and 

mid- to late gonadal recrudescence as compared to controls.  At late 

recrudescence / prespawning stages, pituitary LH-β subunit mRNA levels were not 

altered at 12 h after the last gGnIH injection.  These results suggest that in vivo 

applications of gGnIH had opposing effects on serum LH level and pituitary LH gene 

expression at early and mid-recrudescence but the ability of gGnIH to affect these 

parameters were not observed as goldfish approached completion of gonadal 

recrudescence and spawning.  
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We also investigated the effect of GnIH on the other gonadotropin, FSH.  Since a 

FSH RIA is not available for goldfish, we only measured the FSH-β subunit mRNA level 

in the pituitary.  Similar to results with LH-β expression at early, mid-, and mid- to late 

recrudescence, the levels of pituitary FSH-β expression were significantly elevated in 

gGnIH-injected fish compared to controls in these stages (Figure 3.1).  Interestingly, the 

greatest enhancement of FSH-β expression in the goldfish pituitary following injection of 

gGnIH, a 14-fold increase, was observed at late recrudescence/prespawning, a time when 

LH-β mRNA levels was unaffected by gGnIH (Figure 3.1).  These results suggest that 

gonadal maturational influences differentially modulate in vivo effects of gGnIH on LH-β 

and FSH-β subunit mRNA expression. 

 

3.3.2  Seasonal effects of gGnIH on goldfish pituitary gGnIH-R mRNA levels, in vivo 

Goldfish pituitary expressed gGnIH-R mRNA at all times of the seasonal 

reproductive cycle examined and basal expression did not vary significantly among the 4 

sampling times (Figure 3.2, panel A).  Administration of 2 µg of gGnIH had no effect on 

the mRNA levels of gGnIH-R during early and mid-recrudescence, but significantly 

reduced gGnIH-R mRNA levels at mid-late and late recrudescent stages relative to 

controls (Figure 3.2, panel B). 

 

3.3.3 Seasonal effect of GnIH on LH-β and FSH-β subunit mRNA levels and LH 
secretion in goldfish, in vitro 

In vivo actions of gGnIH potentially involve a combination of direct and indirect 

effects on the pituitary.  To gain insight into the direct effects of gGnIH on gonadotropin 
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release and production at the level of the pituitary, I tested the dose-related effects of 

GnIH in static primary goldfish pituitary cell cultures and measured LH release, as well 

as LH-β and FSH-β subunit mRNA levels.  These in vitro experiments were conducted at 

three different time points of gonadal development: early (September to October), mid- 

(December), and late recrudescence / prespawning (March), to complement the above in 

vivo studies.  

During early gonadal recrudescence, FSH-β and LH-β subunit mRNA expression 

in the pituitary were significantly lower in the 10 and 100 nM gGnIH-treated groups 

relative to controls.  However, 1 to 100 nM gGnIH had no effects on the amount of LH 

released into the media (Figure 3.3). 

During mid-gonadal recrudescence, gGnIH also had no effects on LH release but 

affected FSH-β and LH-β subunit mRNA expression in pituitary cells differentially 

(Figure 3.4).  FSH-β subunit expression at this gonadal stage was lower in all three 

gGnIH dose-treatment groups (1 to 100 nM) than in controls.  In contrast, LH-β subunit 

mRNA levels were elevated by 1 nM gGnIH while higher concentrations had no effects 

(Figure 3.4). 

In pituitary cells from fish with gonads at late recrudescent / prespawning, gGnIH 

dose-dependently reduced the expression of FSH-β and LH-β mRNA with significant 

suppressions observed at 100 nM for FSH-β and 10 and 100 nM for LH-β (Figure 3.5).  

Unlike the results at early and mid-recrudescence, gGnIH significantly elevated LH 

release in a dose-dependent manner, and with significant differences observed at 10 nM 

compared to controls (Figure 3.5). 
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These in vitro results indicate that while the direct effects of gGnIH on FSH-β 

subunit expression are consistently inhibitory, gonadal maturation status influence the 

direct pituitary effects of gGnIH on LH-β gene expression and LH release. 

 

 

3.4 Discussion 

Since the discovery of GnIH as a negative regulator of pituitary gonadotropin 

secretion in a number of vertebrate species, research on its role in the HPG axis has been 

mainly focused on avian and mammalian species, and in particular, the localization and 

expression of GnIH under different reproductive and neuroendocrine conditions (Tsutsui 

et al., 2000).  However, very little is understood about the effects of GnIH at the level of 

gonadotropin gene expression, and even less about its involvement in the HPG axis of 

teleosts aside from one study each in salmonid (Amano et al., 2006) and in goldfish 

(Zhang et al., 2010) using heterologous GnIH peptides.  To further understand the role of 

GnIH in teleosts, I have examined the effects of a native gGnIH on goldfish LH-β and 

FSH-β subunit mRNA levels and LH secretion using a combined in vivo and in vitro 

approach, and for the first time the influence of gonadal maturation status on GnIH 

effects in teleosts, including the influence of in vivo GnIH treatment on pituitary GnIH-R 

gene expression.  Intriguingly, I have shown that while gGnIH does not inhibit LH 

release from pituitary cells in vitro, it has the ability to reduce LH serum levels in 

goldfish in vivo, and that this inhibitory response is highly seasonal and dependent on the 

gonadal maturation stage of the organism.  The presence of gGnIH-R mRNA in goldfish 

pituitary extract indicates that gGnIH effects are potentially mediated, in part, through 
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these receptors.  I have also shown that gGnIH affects both LH-β and FSH-β subunit, as 

well as gGnIH-R, expression in a seasonally dependent manner.   

 In goldfish, injecting gGnIH greatly reduces the levels of circulating LH by 

almost half during early and mid gonadal recrudescence.  This is consistent with the 

general consensus that GnIH inhibits LH release in vertebrate and is consistent with the 

recent findings in goldfish using zebrafish GnIH (Zhang et al., 2010).  On the other hand, 

gGnIH had no effect on LH release from goldfish pituitary cell cultures in static 

incubation in vitro at the same gonad maturational stage.  Thus, the ability of gGnIH to 

reduce serum LH levels in goldfish with gonads at early to mid-recrudescence appears 

not to be mediated by direct gGnIH inhibitory actions on LH release from pituitary cells.   

How these indirect effects are manifested remain to be studied but possibilities 

exist.  GnRH-I and -II neurons are known to express GnIH-Rs in European starlings and 

GnIH suppresses GnRH neuronal activities (Ubuka et al., 2008).  Furthermore, activation 

of GnIH-Rs on chicken and ovine pituitary cells attenuates GnRH post-receptor signaling 

(Simizu and Bédécarrets, 2010; Sari et al., 2009).  In addition, GnIHRs have been 

identified in the gonads of chickens (Maddineni et al., 2008a).  In teleosts, hypothalamic 

neurons, including GnRH neurons, directly innervate the adenohypophysis and these 

hypothalamic neuronal terminals are outside of the blood-brain barrier (Bhute et al., 

2007).  It is likely that in vivo application of gGnIH lowers serum LH levels in goldfish 

by a combination of inhibitory influences on GnRH secretion and post-receptor action on 

LH cells, as well as by modulation of gonadal steroid feedback on pituitary LH release.  

Despite being able to reduce serum LH levels at times when the gonads are at 

earlier stages of recrudescence, in vivo gGnIH administration has little to no effect as the 
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goldfish approach late gonadal recrudescence and prespawning stages.  At these gonadal 

stages, in vitro gGnIH application actually increased LH secretion from dispersed 

pituitary cells.  These observations indicate that receptors for gGnIH are present in 

goldfish pituitary cells, an idea not at variance with the presence of gGnIH-R mRNA 

expression in goldfish pituitary extracts revealed in this chapter and supported by the 

localization of GnIH-Rs on gonadotropes of avian species and humans (Maddineni et al., 

2008b; Ubuka et al., 2009).  In addition, the in vitro ability of gGnIH to stimulate LH 

release also reinforces the idea that in vivo actions of gGnIH on LH secretion involve 

complex interactions with other neuroendocrine regulatory mechanisms.  Just as 

importantly, these data on pituitary LH release and serum LH levels demonstrate the 

presence of seasonal effects of GnIH in teleosts.  That gGnIH can stimulate LH release 

by direct action at the level of goldfish pituitary cells is surprising since GnIH has 

repeatedly been shown to inhibit LH secretion from pituitary cells in many vertebrate 

model systems (reviewed in Bentley et al., 2010; Tsutsui, 2009, 2010).  How the 

stimulatory gGnIH action on LH release is manifested is unknown but this effect is not 

without precedent.  gGnIH and its related peptides have been shown to increase serum 

LH levels in sockeye salmon (Amano et al., 2006). 

It should be noted that in the present chapter, goldfish were acclimated for 

approximately 4 days in 12 h light : 12 h dark for after transfer from ponds to the lab.  At 

most, the difference between natural photoperiod did not exceed 2 h.  Previous studies in 

salmonids and goldfish have demonstrated that greater shift in photoperiod for much 

longer period of time (6 weeks) would be needed to change reproductive function 

(Bromage et al., 1993; Hontela and Peter, 1983).  Furthermore, findings from studies on 



 

 53 

short term effects of changes in photoperiod studying melatonin and gonadotropin release 

also suggest that changes in photoperiod of 2 h for 4 days is not likely to significantly 

alter pituitary response (Peter, 1979).  Based on the information available, the observed 

actions of GnIH is not likely to be explained by changes in melatonin levels and 

photoperiod during the short period of acclimatization.  

Results from my experiments also provide novel insights into the effects of GnIH 

on LH-β and FSH-β mRNA expression.  Consistent with known results in quail and 

ovine pituitary cells (Ubuka et al., 2006; Sari et al., 2009), in vitro application of gGnIH 

reduced LH-β subunit mRNA levels in goldfish pituitary cells at early and late gonadal 

recrudescence and FSH-β mRNA at early, mid- and late gonadal recrudescence.  

However unexpectedly, gGnIH increased LH-β mRNA expression in goldfish pituitary 

cells when applied in vitro at mid-recrudescence, as well as elevated goldfish pituitary 

LH- and FSH-β mRNA levels in early, mid- and late recrudescence, and FSH-β mRNA 

at late recrudescence/prespawning stages when applied in vivo.  How gGnIH directly 

stimulates LH-β mRNA levels by pituitary actions is unknown but the overall dichotomy 

between in vitro and in vivo effects suggest that the in vivo ability of gGnIH to enhance 

LH-β and FSH-β subunit mRNA levels during early to late recrudescence must be due to 

indirect effects through actions on and/or interactions with other neuroendocrine factors.  

Previous studies in chickens have shown that GnIH-R levels are significantly 

higher in the pituitary of sexually immature chickens, compared to their sexually mature 

counterparts (Maddineni et al., 2008b).  Additionally the same study found that 

administration of estradiol or estradiol in combination with progesterone suppressed 



 

 54 

expression of pituitary GnIH-R.  Hence, gonadal steroids and other neurohormones may 

down-regulate GnIH-R expression and hence remove the inhibitory signal at the level of 

the pituitary, allowing for increased LH secretion needed during sexual maturation. 

Surprisingly, in direct contrast with the aforementioned seasonal reproductive 

changes in pituitary GnIH-R in birds, basal levels of goldfish pituitary gGnIH-R mRNA 

do not show a significant variation over the seasonal reproductive periods examined. 

Total pituitary gGnIH-R mRNA levels can be negatively modulated by in vitro 

applications of gGnIH, but only at times when the fish approach final gonadal maturation 

in preparation for spawning.  Whether gGnIH injection down-regulates pituitary gGnIH-

R expression directly and/or indirectly is unknown and remains to be examined in future 

studies.  On the other hand, the ability of in vivo gGnIH treatment to reduce pituitary 

gGnIH-R mRNA levels occurs at times of year when the inhibitory effects of gGnIH on 

serum LH levels are lost.  I speculate that if the gGnIH-induced decrease in pituitary 

gGnIH-R mRNA levels reflects reductions in gGnIH-R expression on GnRH neuronal 

terminals within the goldfish adenohypophysis, then the correlative seasonal changes in 

pituitary gGnIH-R mRNA and serum LH measurements would suggest that the effects of 

gGnIH to alter serum LH levels in vivo is mainly mediated through suppression of GnRH 

release through activation of gGnIH-Rs on GnRH nerve terminals in the pituitary. 

In addition to the general difference in in vivo and in vitro gGnIH-induced 

changes in pituitary LH-β and  FSH-β subunit mRNA levels, my results reveal 

pronounced seasonal reproductive influence on this parameter.  Gonadal maturation 

status influenced: 1) the magnitude of the change in LH-β and FSH-β subunit expression 

in response to gGnIH injection (efficacy), 2) the minimal effective gGnIH dose required 
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to significantly suppress FSH-β subunit levels in vitro (potency), and 3) whether gGnIH 

effects on LH-β subunit expression in vitro is stimulatory or inhibitory (type of response).  

Likewise, gonadal maturational status affect whether gGnIH alters in vitro LH release 

(see discussion above).  How these seasonal reproductive influences are manifested is at 

present unknown but gonadal steroids likely plays a role.  E2 treatments have been shown 

to suppress pituitary GnIH-R expression in chicken (Maddineni et al., 2008b).  In female 

teleosts, circulating levels of E2 increases with gonadal recrudescence.  This increase in 

estradiol allows for the induction of the egg-yolk protein vitellogenin, which is a crucial 

component required for follicle maturation (Hori et al., 1979).  It is reasonable to 

speculate that higher levels of plasma estradiol at more advanced stages in gonadal 

maturation and the projected resultant decrease in GnIH-R expression in the pituitary 

and/or other gGnIH target neuroendocrine tissues may have, in part, caused the observed 

changes in the magnitude of the in vivo gGnIH effects on serum LH level and pituitary 

LH-β and FSH-β subunit expression, as well as the change in sensitivity of the in vitro 

FSH-β subunit expression response to gGnIH.  However, the switch from inhibitory 

effects on in vitro LH-β mRNA expression in early and late recrudescence/prespawning 

to a stimulatory effect at mid-recrudescence cannot be explained merely by steroid-

induced changes in GnIH-R number and furthermore, a seasonal change in basal pituitary 

gGnIH-R mRNA is not seen in the present study.  Currently very little is known about the 

involvement of the GnIH-R and post-receptor signal coupling in gonadotropin gene 

expression.  In chickens, GnIH-R is coupled to Gαi, and its stimulation inhibits adenylyl 

cyclase, which reduces intracellular cAMP levels (Shimizu and Bédécarrats, 2010).  



 

 56 

GnRH-induced increase in LH-β and FSH-β subunit expression in mammals, birds and 

fish is mediated in part by adenylyl cyclase/cAMP (Yaron et al., 2003; Zeng et al., 2005; 

Shimizu and Bédécarrats, 2010).  If gGnIH-Rs on goldfish gonadotropes are similarly 

coupled to Gi, this may provide the mechanism by which in vitro gGnIH application 

reduces goldfish gonadotropin subunit expression at most times of the seasonal 

reproductive cycle but not gGnIH’s ability to increase LH-β subunit levels at mid-

recrudescence.  Interestingly, the study by Shimizu and Bédécarrats (2010) also found 

that the ratio of GnRH/GnIH receptors in the chicken pituitary gland changes with 

reproductive status.  Whether the ratio of pituitary GnIH-Rs to GnRH receptors in 

goldfish plays a role in mediating the seasonal-dependent effects of gGnIH on 

gonadotropin subunit gene expression, especially in vivo, remains to be explored.  

Furthermore, understanding how the post-receptor signal transduction mechanisms of 

these two receptor systems interact would be important to clarify the control of 

gonadotropin synthesis by GnIH and GnRH in goldfish.   

Another potentially important functional property of gGnIH has also been 

revealed.  During early and mid-recrudescence, gGnIH was found to stimulate LH-β 

expression, and yet inhibit LH serum levels, in vivo.  Paradoxically at late recrudescence, 

gGnIH stimulated LH release but inhibited LH-β expression in vitro.  These results reveal 

a remarkable ability of gGnIH to uncouple the expression and secretion of LH.  

Uncoupling of LH expression and secretion by other hormones has been seen before, 

such as in gonadotrope cell lines (Henderson et al., 2008).  Interestingly, uncoupling of 

LH mRNA level, LH production and LH release in goldfish pituitary cells have been 
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associated with specific modulations of pharmacologically distinct intracellular Ca2+ 

pools (Johnson et al., 2002).  However, whether differential use of Ca2+ signaling 

mechanisms mediates the ability of gGnIH to dissociate LH secretion and production in 

goldfish is unknown and remains to be investigated.  Unfortunately, I am unable to 

measure FSH levels; hence, I am unable to judge whether the changes in the expression 

levels of FSH-β mRNA correlate with FSH release.  However, my findings show for the 

first time, a hormone that can differentially regulate LH-β and FSH-β expression during 

late gonadal recrudescence in vivo and at mid-recrudescence in vitro.  This is an 

important finding as very little is known about neuropeptides being able to differentially 

regulate gonadotropin hormones.  However, more experiments are necessary to elucidate 

the mechanism(s) behind this differentiation, and the reason(s) it only occurs at later 

stages of gonadal recrudescence and towards the spawning stage.  Mixed sex goldfish 

was used in the present study since it would not be possible to determine sex of animals 

before treatment.  However, larger number of animals can be used to separate male and 

female after treatments in future studies, and it would be valuable to investigate sex-

related response to GnIH at different stages of gonadal recrudescence.  

 

 

3.5 Summary 

In summary, results from this chapter provided the first insight into the influence 

of a native GnIH on gonadotrope cell functions, in vivo and in vitro, in any teleost 

species.  gGnIH is able to dissociate LH release from LH-β mRNA production and to 

differentially modulate LH-β and FSH-β subunit gene expression.  Differences between 
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the in vivo and in vitro effects indicate that gGnIH not only have direct pituitary actions 

but also interacts with other neuroendocrine factors in the physiological regulation of 

gonadotrope cell functions.  Surprisingly, both stimulatory and inhibitory influences of 

gGnIH on gonadotrope functions are revealed.  Pronounced differences in gonadotropin 

responses to gGnIH at different gonadal maturational stages indicate that seasonal 

reproductive influences are important modulators of gGnIH actions, as well as pituitary 

sensitivity to gGnIH, and adds another dimension to the actions of gGnIH as a 

neuroendocrine regulator of the HPG axis and reproduction, the complexity of which 

remains to be elucidated in future studies. 
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Figure 3.1 Seasonal effects of gGnIH on serum LH and pituitary LH-β  and FSH-β  

subunit mRNA levels, in vivo.  Goldfish were injected twice with 2 µg gGnIH, at time 0 

and 12 h; PBS-injected fish served as controls.  Pituitaries and blood samples for serum 

collection were removed at 24 h.  Serum LH values were analyzed by RIA (mean ± SEM; 

controls, n = 11-27 for control groups from the various seasons; gGnIH-treated, n = 11, 

12, 13 and 27 for early, mid-, mid-late, and late, respectively).  Abundance of pituitary 

transcripts was determined by QPCR.  LH-β and FSH-β mRNA values were normalized 

against β-actin mRNA and expressed relative to controls (mean ± SEM; controls, n = 5-7 

from control groups pooled from the various seasons; gGnIH-treated, n = 7, 5, 7 and 5 for 

early, mid-, mid-late, and late, respectively). Control groups were normalized to 100 % .  

Data from the GnIH treatment group was compared to the corresponding control group 

from the same season.  Different letters denote statistical significant differences 

(ANOVA followed by Tukey test, P < 0.05). 
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Figure 3.2 Seasonal changes in (A) basal pituitary gGnIH-R mRNA levels and (B) 

gGnIH effects on gGnIH-R expression, in vivo.  Six pooled pituitary samples from 

each of the control and treatment groups at each reproductive season in experiments 

presented in Figure 3.1, were analyzed for gGnIH-R transcript abundance by QPCR.  

Expression results are corrected for β-actin and gGnIH treatment results expressed as a 

percentage of control values (mean  ±  SEM).  Control groups were normalized to 100 % .  

Data from the GnIH treatment group was compared to the corresponding control group 

from the same season.  Different letters denote statistical significant differences 

(ANOVA followed by Tukey test, P < 0.05). 
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Figure 3.3 The in vitro dose-related effects of gGnIH on LH release and mRNA 

levels of LH-β  and FSH-β  in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at early gonadal recrudescence (September-October).  After 12 h 

of treatment, a media sample was removed for LH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  FSH-β and LH-β transcript abundance 

were determined by QPCR and the results normalized against β-actin and expressed as a 

percentage of control values (mean  ± SEM; n = 8 from 2 independent cell preparations).  

Control groups were normalized to 100 % .  Data from the GnIH treatment group was 

compared to the corresponding control group from the same season.  Different letters 

denote statistical significant differences (ANOVA followed by Tukey test, P < 0.05). 
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Figure 3.4 The in vitro dose-related effects of gGnIH on LH release, and mRNA 

levels of LH-β  and FSH-β  in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at mid gonadal recrudescence (December).  After 12 h of 

treatment, a media sample was removed for LH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  FSH-β and LH-β transcript abundance 

were determined by QPCR and the results normalized against β-actin and expressed as a 

percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences (ANOVA followed by Tukey 

test, P < 0.05).  
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Figure 3.5 The in vitro dose-related effects of gGnIH on LH release, and mRNA 

levels of LH-β  and FSH-β  in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at late gonadal recrudescence (March).  After 12 h of treatment, a 

media sample was removed for LH levels analysis via RIA, and the RNA from the cells 

extracted for transcript abundance. FSH-β and LH-β transcript abundance were 

determined by QPCR and the results normalized against β-actin and expressed as a 

percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences (ANOVA followed by Tukey 

test, P < 0.05). 

 



 

 64 

 

 

 

 

 

 

 

 Chapter Four: Seasonal effect of GnIH on GnRH-induced gonadotroph functions in 

the goldfish pituitary 
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4.1 Introduction 

In vertebrates, reproduction is controlled primarily through the integration of 

multiple signals along the hypothalamic-pituitary-gonadal (HPG) axis.  The classical 

hypothalamic hormone, gonadotropin-releasing hormone (GnRH), plays a pivotal role in 

reproductive development and maintenance by stimulating the expression and secretion 

of the hypophyseal gonadotropins (GTHs), luteinizing hormone (LH) and follicle-

stimulating hormone (FSH).  Many isoforms of GnRH exist and 15 invertebrate and 15 

vertebrate structural variants have been identified to date (Roch et al., 2011).  Many 

vertebrate brains express two or more GnRH isoforms with chicken (c)GnRH-II (or 

GnRH type 2) being one of the isoforms found in the brain of a majority of vertebrates 

(Roch et al., 2011), although some mammals such as rats, mice, cattle and chimpanzees, 

only possess a single isoform of GnRH (GnRH1) with the gene for GnRH2 inactivated or 

deleted (Morgan et al., 2006). 

In 2000, a hypothalamic RF-amide-type neuropeptide, gonadotropin inhibitory 

hormone (GnIH), was found to have an inhibitory effect on pituitary GTH secretion in 

the Japanese quail, suggesting the presence of an inhibitory hypothalamic neuropeptide in 

the control of the HPG axis (Tsutsui et al., 2000).  GnIH homologues have subsequently 

been discovered in many vertebrate species, including fish, frogs, birds, rodents, ovines, 

monkeys and humans (Sawada et al., 2002a, 2002b; Koda et al., 2002; Bentley et al., 

2003; Osugi et al., 2003; Ciccone et al., 2004; Kriegsfeld et al., 2006; Ubuka et al., 

2009a; Sari et al., 2009; Ubuka et al., 2009b).  These and other studies suggest a role for 

GnIH in the control of reproduction by actions at the hypothalamus and pituitary levels 
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(Tsutsui et al., 2010). 

In the brain of birds and mammals, hypothalamic GnIH fibers are in close contact 

with GnRH neurons (Bentley et al., 2003; Ubuka et al., 2009a; Ubuka et al., 2009; Smith 

et al., 2008) and GnIH is considered to modulate reproduction at the level of the 

hypothalamus by interacting with GnRH neurons (Smith and Clarke, 2010; Clarke, 2011; 

Tsutsui et al., 2010b).  For example, in sheep, GnIH reduces basal pulsatile LH release in 

vivo (Clarke et al., 2008), whereas GnIH not only inhibits the firing of some GnRH 

neurons (approximately 41%), but also is capable of stimulating a small population 

(approximately 12%) in mice (Ducret et al., 2009).  These results indicate that GnIH 

modulates pulsatile GnRH secretion. In Australian zebra finches, immunoreactive (-ir) 

GnIH and GnRH-I cells did not change in number or size between reproductive and non-

reproductive seasons, with GnRH-II-ir cells being larger in breeding males, suggesting a 

possible mechanism in which other neurotransmitters could possibly effect GnRH-II to 

effect the songbirds reproductive flexibility (Perfito et al., 2011).   

In addition, GnIH neurons project towards the median eminence in many avian 

species and the pituitary express a G-protein coupled GnIH receptor in all vertebrate 

species examined (GnIH-R; GPR147) (Ubuka et al., 2009b; Yin et al., 2005; Maddineni 

et al., 2008b; Gibson et al., 2008; Zhang et al., 2010; Moussavi et al., 2012).  In chickens, 

two GnIH-R subtypes have been found (Ikemoto and Park, 2005), with one of the GnIH-

R subtypes having higher levels during the non-reproductive stages and its levels are 

inversely related to GnRH type III receptor levels (Shimizu and Bédécarrat, 2010).  

These observations suggest that direct GnIH action at the level of the pituitary is an 
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integral component in the neuroendocrine regulation of reproduction.  In support of this 

idea, GnIH inhibits GnRH-induced GTH subunit gene expression in the LβΤ2 mouse 

gonadotrope cell line and other mammalian and avian study models (Tsutsui et al., 2000; 

Ciccone et al., 2008; Kriegsfeld et al., 2006; Ubuka et al., 2006; Son et al., 2012).  

Furthermore, GnIH inhibits GnRH-induced LH and FSH secretion in sheep in vitro 

(Clarke et al., 2008).  Currently, little is known about the role of GnIH in lower 

vertebrates such as fish.  Additionally, what is known indicates that GnIH actions in fish 

may be more complex than that generally accepted for higher vertebrates.  For example, 

ip injections of goldfish (g)GnIH stimulate expression of LH-β and FSH-β mRNA in the 

pituitary during the early to late gonadal recrudescent stages; however, inhibitory effects 

are observed in terms of circulating serum LH levels and pituitary gGnIH-R mRNA 

levels during early to later stages of recrudescence (Moussavi et al., 2012; Chapter 3, 

Figures 3.2 and 3.3).  Although the injection of zebrafish GnIH also reduces serum LH 

levels in adult goldfish (Zhang et al., 2010), static incubation of primary goldfish 

pituitary cell cultures with gGnIH has no effect on basal LH release during early and mid 

recrudescence and even elevates LH secretion during the prespawning stage (Moussavi et 

al., 2012; Chapter 3, Figure 3.5).  Similarly, application of gGnIH elevated LH and FSH 

release in salmon pituitary cell cultures (Amano et al., 2006).  Furthermore, in contrast 

with the in vivo results, in vitro application of gGnIH suppresses LH-β mRNA levels in 

goldfish pituitary cells at early recrudescence and prespawning stages and consistently 

attenuates FSH-β mRNA in a dose-specific manner (Moussavi et al., 2012; Chapter 3, 

Figures 3.3 − 3.5).  These findings indicate that, in teleosts such as the goldfish, the 

effects of GnIH differ depending on the route of administration and with the seasonal 
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reproductive stage. 

The relationship between GnIH and GnRH actions on gonadotroph functions has 

not been examined in teleosts and needs to be characterized to understand the possible 

actions of GnIH.  Accordingly, I examined the effects of gGnIH on GnRH effects on 

gonadotrope functions at different points of gonadal recrudescence in a combination of in 

vitro and in vivo experiments.  Because both native goldfish GnRH isoforms, salmon 

(s)GnRH (GnRH type 3) and cGnRH-II, are released at the level of the pituitary (Yu et 

al., 1991), I utilized both GnRH forms in this present chapter.  In my first set of 

experiments, I examined the effects of ip injection with synthetic goldfish GnIH-3 (i.e. 

gGnIH), alone and in combination with GnRH, on goldfish pituitary LH-β, FSH-β and 

gGnIH-R mRNA levels and serum LH concentrations in vivo.  My second set of 

experiments examined the direct effects of gGnIH alone and in the presence of GnRH on 

LH release from perifused primary cultures of dispersed goldfish pituitary cells.  The 

results obtained showed that gGnIH, applied either alone or co-injected with native forms 

of GnRH, differentially regulated pituitary gene expression of LH- and FSH-β subunits 

and pituitary GnIH-R levels, as well as modulated circulating LH in goldfish.  By 

contrast, neither acute, nor prolonged gGnIH exposure in vitro directly altered basal LH 

release but selectively modulated the cGnRH-II-induced LH secretion response. 
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4.2 Methods and materials 

4.2.1 Injection studies 

4.2.1.1 Animals 

Male and female goldfish were used.  Water temperature was approximately 

19 °C during early gonadal recrudescence (early October), 14 °C during mid-

recrudescence (December) and 16 °C in late recrudescence to prespawning (= sexually 

matured; March) stages.  The gonadal or recrudescence stage of individual fish was 

assessed by visual inspection of the gonads.  The gonadal somatic index (GSI) of the fish 

in early recrudescence was calculated to be between 1.5–3%, mid-gonadal recrudescence 

GSI was 5–6%, and late gonadal recrudescence was 8–12%.  Tissues from both males 

and females were collected and analysis performed on mixed sex samples.   

 

4.2.1.2 Injection protocol 

Prior to injection, goldfish were anaesthetized with MS-222.  gGnIH and GnRH 

were diluted to the desired concentration as described in Chapter 2, Section 2.1, (2 µg of 

gGnIH or 4 µg of GnRH per 100 µl).  Goldfish were each injected twice, first at time 0 h, 

and later at 12 h based on the protocol established previously in this laboratory (Moussavi 

et al., 2012; Chapter 3), and earlier studies demonstrating that initial injection with GnRH 

is necessary to induce a subsequent GnRH response in the absence of dopamine 

antagonists (Omeljaniuk et al., 1989).  Each fish in the treatment groups was either 



 

 70 

injected with 2 µg of gGnIH alone, 4 µg of sGnRH alone, 4 µg of cGnRH-II alone or 2 µg 

gGnIH plus 4 µg of one of the GnRHs, whereas controls were sham injected with 

1 × PBS (0 µg).  At 2 h post-second-injection, blood was taken from the caudal vein and 

allowed to clot for collection of serum samples (stored at −20 °C) and serum samples was 

later analyzed for LH levels using LH RIA (Chapter 2, Section 2.5).  Pituitaries were 

removed following decapitation and stored at −80 °C for later RNA extraction and QPCR 

analysis (as described in Chapter 2, Sections 2.4.1 and 2.4.2, respectively).   

 

4.2.2 Perifusion studies 

Male and female goldfish were anaesthetized by immersion in 0.05% MS222 

(Syndel, Vancouver, BC, Canada) and euthanized by spinal transection (Chapter 2, 

Section 2.2).  Pituitaries were removed and pituitary cells dispersed by trypsin/DNase 

treatment and cultured on preswollen Cytodex-1 beads (Sigma, St. Louis, MO) as 

described previously (Chapter 2, Section 2.3; Chang et al., 1990).  Following overnight in 

culture, cell-bead mixtures were loaded into temperature controlled (18 °C) perifusion 

chambers (chamber volume 500 µl) and then perifused with testing medium [Medium 

199 with Hanks salts (Sigma-Aldrich), 0.1% bovine serum albumin, 25 mm HEPES, 

26.2 mm NaHCO3, 100 000 U penicillin/l and 100 mg streptomycin/l, pH adjusted to 7.2 

with NaOH] for 4 h at a rate of 15 ml/h to stabilize the basal LH secretion rate before 

testing began (Chang et al., 1990).  After this initial perifusion, experiments commenced 

with the collection of 5-min perifusate fractions.  gGnIH, sGnRH and cGnRH-II testing 

solutions were made up fresh by dilution of stock solutions in testing medium just prior 



 

 71 

to use.  In the first experimental paradigm using cells obtained from fish at mid gonadal 

recrudescence (December to February), a 1-h 100 nm GnRH treatment was applied 

starting at 30 min.  The total dead space of the system (approximately 1.5 ml) is such that 

the LH response to GnRH stimulation should commence at the beginning of the next 5-

min fraction collected following the beginning of GnRH treatment.  The 10 nM gGnIH 

treatment was applied as a 5-min pulse at 55 min (i.e. 25 min into the GnRH application).  

For combination treatments, gGnIH solution was made up in 100 nM GnRH.  A second, 

reverse combination treatment paradigm, where a short 5-min GnRH pulse was applied 

25 min into a 1-h gGnIH treatment, was tested using cells obtained from fish at late 

recrudescence/sexually matured (May to early June).  Drug treatments were applied using 

three-way valves. Perifusate fractions were stored at −20 °C until being assayed for LH 

using a well-established RIA (Chapter 2, Section 2.5). 

The LH values in the first five fractions collected (all obtained prior to drug 

exposure) were averaged and taken as the basal rate of secretion (pretreatment) and LH 

release levels in individual columns were then expressed as a percentage of pretreatment 

of the respective column.  This normalization allows for the pooling of LH-response data 

from different columns without distorting the hormone release profile (Chang et al., 

1990; Wong et al., 1992; Sawisky and Chang 2005).  The net LH response to GnRH was 

quantified as the ‘area under the response curve with baseline subtracted’ (net 

response = sum of the net change in release value in each of the fractions collected over 

the quantification period; baseline is defined as the average value of the three fractions 

prior to the quantification period) (Chang et al., 1990; Wong et al., 1992).  Responses in 
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control columns (i.e. gGnIH alone or GnRH alone, as appropriate) were similarly 

calculated as the ‘area under the response curve with baseline subtracted’ over the same 

quantification time period as that used in the combination treatment columns.  All 

treatments were replicated in four separate experiments using different cell preparations.   

 

 

4.3 Results 

4.3.1 Seasonal effects of gGnIH on GnRH-induced pituitary LH-β and FSH-β subunit 

mRNA levels and circulating LH levels in goldfish in vivo 

To determine the role of gGnIH in the control of gonadotroph functions, I first 

examined the effect of ip injection of gGnIH (2 µg/fish, two injections, 12 h apart, 

samples collected 2 h post-second injection) in combination with the two native forms of 

GnRH, sGnRH or cGnRH-II, on circulating serum LH levels, as well as LH-β and FSH-β 

mRNA levels in the goldfish pituitary.  Serum FSH levels were not measured because of 

the lack of a functional goldfish FSH immunoassay.  In fish with gonads at early 

recrudescence (early October), treatment with either sGnRH or cGnRH-II alone did not 

significantly alter serum LH levels relative to controls; however, gGnIH, applied either 

alone or in combination with GnRH, significantly suppressed serum LH concentration 

(Figure 4.1).  Treatment with gGnIH or GnRH alone significantly increased LH-β and 

FSH-β subunit mRNA levels relative to controls; however, the stimulatory effects of 

gGnIH and GnRH were not additive (Figure 4.1).  Instead, co-injection of gGnIH with 

cGnRH-II resulted in FSH-β subunit mRNA levels that were intermediate between either 
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gGnIH or cGnRH-II alone.  On the other hand, co-injection of gGnIH with sGnRH 

resulted in FSH-β subunit values that were not different from those to either gGnIH or 

sGnRH alone, as well as a significant reduction of the LH-β subunit response to a level 

not different from controls (Figure 4.1). 

During mid gonadal recrudescence, treatment with gGnIH alone caused a 

significant inhibition of serum LH, as well as significant elevations in pituitary LH-β and 

FSH-β subunit levels, as in early gonadal recrudescence (Figure 4.2).  Treatment with 

cGnRH-II alone, but not sGnRH alone, significantly elevated serum LH, whereas co-

injection with either GnRH prevented the gGnIH-induced inhibition of circulating LH 

levels (Figure 4.2).  Treatment with sGnRH alone stimulated both LH-β and FSH-β 

mRNA expression in the pituitary, whereas cGnRH-II injection elevated LH-β mRNA 

levels (Figure 4.2).  By contrast, co-injection of gGnIH with either sGnRH or cGnRH-II 

resulted in LH- and FSH-β mRNA values that were not significantly different from 

controls (Figure 4.2). 

During late recrudescence, gGnIH injections had no significant effect on LH 

serum levels and LH-β subunit expression, but significantly stimulated pituitary FSH-β 

subunit mRNA levels (Figure 4.3).  At this stage of recrudescence, treatment with native 

GnRH alone significantly stimulated serum LH levels, as well as pituitary LH-β and 

FSH-β expression (Figure 4.3).  By contrast, when co-injected with gGnIH, sGnRH and 

cGnRH-II failed to significantly increase pituitary LH- and FSH-β mRNA, whereas 

cGnRH-II (but not sGnRH) still significantly elevated serum LH (Figure 4.3). 
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4.3.2 Effects of gGnIH alone, GnRH alone and in combination on pituitary gGnIH-R 

mRNA levels in vivo 

I also examined the effects of gGnIH and GnRH on gGnIH-R mRNA expression 

in pituitary tissues obtained in the above experiments as a first step in investigating how 

gGnIH receptor-mediated functions may be affected by prior homologous and 

heterologous hormone treatments.  During early gonadal recrudescence, treatment with 

gGnIH alone, GnRH alone and co-injection of gGnIH and GnRH did not significantly 

alter gGnIH-R mRNA levels (Figure 4.4).  During mid gonadal recrudescence, sGnRH 

and cGnRH-II alone treatments stimulated gGnIH-R expression.  However, co-injection 

of gGnIH with either native GnRH resulted in gGnIH-R levels that were not different 

from controls, GnIH alone, or GnRH alone (Figure 4.4).  During late gonadal 

recrudescence, treatment with gGnIH alone resulted in a significant reduction of gGnIH-

R expression, whereas treatment with either sGnRH or cGnRH-II alone caused a 

significant increase in gGnIH-R mRNA levels (Figure 4.4).  Co-injection of gGnIH with 

either sGnRH or cGnRH-II resulted in gGnIH-R expression values that were not different 

from controls or GnRH alone but still significantly greater than that of gGnIH alone 

(Figure 4.4). 

 

4.3.3 Effects of gGnIH alone and in combination with GnRH on in vitro LH release from 

perifused goldfish pituitary cells 

Modulation of pituitary gonadotrope functions in in vivo studies involves both 

direct and indirect effects.  To gain insight into the direct effects of gGnIH on LH release, 
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I investigated the effects of GnIH alone and in combination with the native GnRHs using 

primary goldfish pituitary cultures in cell column perifusion experiments in mid to late 

gonadal recrudescence.  The use of a perifusion system allowed easy visualization of the 

GnRH-induced response kinetics.  In cells prepared from fish at mid gonadal 

recrudescence, a 1-h treatment with either sGnRH or cGnRH-II alone significantly 

stimulated LH release but a single acute 5-min pulse of gGnIH alone did not significantly 

affect LH release (Figure 4.5).  However, a decrease in the cGnRH-II-induced LH release 

was seen following application of an acute 5-min pulse of gGnIH (Figure 4.5, left).  The 

quantified total LH release response to cGnRH-II, but not sGnRH, was significantly 

reduced with this short 5-min co-application of gGnIH (Figure 4.5, right). 

I also examined the effects of a prolonged exposure to gGnIH on the acute effect 

of GnRH to stimulate LH release using pituitary cells obtained from fish at late 

recrudescence/sexually matured stage.  Short 5-min applications of either sGnRH or 

cGnRH-II significantly increased LH secretion (Figure 4.6).  On the other hand, a 1-h 

treatment with gGnIH alone did not significantly affect LH release and did not 

significantly alter the LH response to the acute applications of sGnRH or cGnRH-II 

applied 25 min into the gGnIH exposure (Figure 4.6). 

 

 

4.4 Discussion 

The results from the present chapter support the idea that GnIH activity in fish is 

more complex than has been generally assumed in higher vertebrate study models, with 
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both stimulatory and inhibitory effects on gonadotrope functions.  In particular, my 

results demonstrate that a native GnIH form (gGnIH) differentially modulates the effects 

of two native GnRHs (sGnRH and cGnRH-II) in a seasonally-dependent manner, and that 

there are plausible differences between the direct and indirect effects of gGnIH on 

GnRH-induced changes in LH release are different.  In addition, the results provide the 

first insight into the in vivo effects of combined GnIH and GnRH treatments on pituitary 

gGnIH-R mRNA expression in any vertebrate species. 

Results from ip injections with gGnIH or GnRH alone on serum LH levels 

confirm previous findings on the seasonality of these in vivo effects, with gGnIH 

application decreasing serum LH levels in early and mid (but not at late) gonadal 

recrudescence (Moussavi et al., 2012; Chapter 3, Figure 3.1) and in vivo GnRH 

applications being ineffective in elevating serum LH levels at early recrudescence 

(Trudeau et al., 1991).  How these reproductive stage-dependent differences are 

manifested is not known but may partly be related to changes in gonadal steroid levels 

over the different stages of the goldfish's annual reproductive cycle (Pasmanik and 

Callard, 1988; Habibi et al., 1989).  In seasonally reproductive Siberian hamsters, it was 

noted that intracerebroventricular (icv) injections of two GnIH homologues resulted in 

significantly lower LH levels after 5 and 30 min post-injection in long day adapted 

animals (Ubuka et al., 2012).  During the short day period, however, there were no effects 

of GnIH icv injection after 5 min, although it significantly stimulated LH level after 

30 min (Ubuka et al., 2012), demonstrating seasonally-dependent changes in GnIH 

responsiveness.  Although the in vitro perifusion results with gGnIH alone confirm that 
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this peptide has no inhibitory effect on basal LH release at late recrudescence, the failure 

of gGnIH to alter basal LH release in perifusion in mid recrudescence indicates that the 

ability of in vivo gGnIH application to reduce serum LH levels observed at this 

reproductive stage may be a result of indirect influences, possibly through inhibiting the 

GnRH-induced LH levels.  Furthermore, these differences in the perifusion results from 

mid and late recrudescent experiments may further support the importance of seasonally-

dependent differences in the affect of gGnIH treatment.  Additionally, previous results 

from a 2-h static incubation with gGnIH have also revealed an inability of gGnIH to 

inhibit LH release from primary cultures of goldfish pituitary cells at early recrudescence 

(Moussavi et al., 2012; Chapter 3, Figure 3.3).  Taken together, these observations 

indicate that the ability of gGnIH to reduce serum LH concentrations at early and mid 

recrudescence involves interactions with other neuroendocrine regulators. 

How gGnIH interacts with other neuroendocrine factor(s) in vivo to suppress 

serum LH levels is unknown, although the results of the present chapter provide 

information showing how it may interact with the two native GnRHs.  It is important to 

note that, in goldfish, GnRH nerves directly terminate in the anterior pituitary because 

there is no median eminence.  Co-injection with GnRH reversed the gGnIH-induced 

reduction in circulating LH only at mid (and not at early) recrudescence in vivo.  

Although there is a tendency for serum LH in fish co-injected with gGnIH and GnRH to 

be lower than those in fish injected with GnRH alone, suggesting that gGnIH may 

attenuate GnRH-induced LH release, the differences are not significant.  Similarly, the in 

vitro LH responses to sGnRH at mid recrudescence and to both sGnRH and cGnRH-II at 
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late recrudescence are clearly not affected by gGnIH.  On the other hand, gGnIH 

application reduced cGnRH-II-induced LH response in vitro at mid recrudescence.  

Taken together, these observations indicate that gGnIH selectively inhibits cGnRH-II 

(but not sGnRH) stimulation of LH release.  Interestingly, the inhibitory influence of 

gGnIH on cGnRH-II-elicited LH release appears to be restricted to the prolonged phase 

of the LH response and is not effective against acute cGnRH-II action.  These results 

suggest that gGnIH only affects the long-term cGnRH-II-sensitive pool of LH (such as 

vesicles just starting to form or upstream from the active zone) and not the docked 

vesicles that are involved in the immediate response to GnRH (Chang et al., 1994; Jobin 

et al., 1996; Billiard et al., 1997; Martin, 2003).  How this release-phase dependent and 

GnRH isoform-specific inhibitory effect is manifested is unclear, although the signal 

transduction mechanisms mediating acute and prolonged LH release response to GnRH, 

as well as sGnRH- and cGnRH-II-elicited LH release, are known to be non-identical 

(Chang et al., 2000, 2009).  In future studies, it would be interesting to examine whether 

such differences in the interactions between gGnIH and the two native GnRHs, as well as 

the LH release phase-dependent effects, persists through all different stages of the 

goldfish annual seasonal reproductive cycle. 

In terms of GTH-β subunit gene expression, the present study has shown that 

gGnIH treatment alone is generally stimulatory, except at late recrudescence for LH-β, 

confirming a divergence in the ability of gGnIH to affect LH release and LH-β subunit 

expression (Moussavi et al., 2012, Chapter 3).  Similarly, sGnRH and cGnRH-II 

stimulate the expression of both GTH-β subunits at all three stages of gonadal 



 

 79 

development, as reported previously (Khakoo et al., 1994; Klausen et al., 2002b).  

Interestingly, the results obtained from combination gGnIH and GnRH treatments 

revealed the presence of novel interactions whereby co-application generally results in 

GTH-β mRNA levels that are intermediate and often not different from either gGnIH or 

GnRH alone.  Furthermore, combination treatment results in reduced LH-β and FSH-β 

mRNA levels that are significantly lower than those treated with either sGnRH or 

cGnRH-II alone at mid recrudescence, as well as significantly reduced LH-β mRNA 

levels during mid and late recrudescence relative to sGnRH alone.  How the co-addition 

of two stimulatory factors (gGnIH and GnRH) results in an unexpected reduction in 

GTH-β mRNA response is unknown, although several possibilities exist.  For example, 

gGnIH and GnRH may affect the expression of each other's receptor, and gGnIH and 

GnRH post-receptor signaling may lead to cross phosphorylation of receptors resulting in 

alterations in the effectiveness of each other's receptor-signaling pathways.   

In recent studies, the differential effects of co-treatment of GnRH with activin 

(Coss et al., 2007) or prostaglandins (Naor et al., 2007) is suggested to be a result of 

cross-talk between signaling pathways and altered receptor regulation.  Interactions can 

also occur at various points along the signal transduction cascades of gGnIH and GnRH.  

Although sGnRH and cGnRH-II signal transduction cascades in goldfish pituitary cells 

have been fairly well characterized (Chang et al., 2000, 2009; Klausen et al., 2002a), 

gGnIH post-receptor signaling is at present unknown.  However, in chicken, GnIH 

receptor activation negatively affects GnRH-R-III signaling, suggesting that interactions 

during the post-receptor signaling between GnIH and GnRH are a distinct possibility 
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(Shimizu and Bédécarrat, 2010).  Furthermore, because these results are obtained from in 

vivo studies, gonadal steroid feedback may have influenced the effects of gGnIH and/or 

GnRH on the pituitary gonadotrope functions.  It should be noted that my studies have 

focused on the role of GnIH-3, which is known to be the mature form, although two other 

putative forms of gGnIH are present and may be involved in the complex regulation of 

reproduction in fish (Sawada et al., 2002b; Amano et al., 2006; Zhang et al., 2010; 

Shahjahan et al., 2011). 

In addition to confirming earlier findings that gGnIH down-regulation of gGnIH-

R mRNA expression is restricted to late gonadal recrudescence (Moussavi et al., 2012; 

Chapter 3, Figure 3.2), the results of the present chapter demonstrate, for the first time in 

any vertebrate system, that GnRH affects pituitary GnIH-R mRNA expression.  sGnRH 

or cGnRH-II increased gGnIH-R mRNA levels during mid and late recrudescence and 

co-application with either of these GnRHs reversed the gGnIH-induced reduction in 

gGnIH-R mRNA expression at late recrudescence.  These results are consistent with the 

idea proposed above that GnRH potentially regulates gGnIH action via modulation of 

gGnIH-R expression and/or function(s).  Interestingly, pituitary levels of gGnIH-R 

mRNA in the gGnIH and GnRH co-injected groups are not significantly different from 

those of the GnRH alone treatment groups at mid and late recrudescence, suggesting that 

gGnIH does not inhibit GnRH actions on gGnIH-R mRNA expression.  Although steady-

state gGnIH-R mRNA levels in the pituitary of goldfish do not vary along the seasonal 

reproductive cycle (Moussavi et al., 2012; Chapter 3, Figure 3.2), GnRH effects on 

gGnIH-R mRNA expression revealed in the present study are dependent on the 
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reproductive status.  Changes in the level of circulating gonadal steroids, as well as the 

influence of other neuroendocrine factors, likely play a role in modulating the effects of 

GnRH on gGnIH-R mRNA expression.  In chickens, treatment with E2 alone or E2 with 

progesterone suppressed GnIH-R levels (Maddineni et al., 2008b), supporting the idea 

that gonadal steroid is an important factor in the modulation of GnIH-R expression.  

Whether gGnIH modulates GnRH-R mRNA expression, and also whether changes in 

gGnIH and GnRH receptor mRNA levels cumulate in alterations in receptor protein 

levels and functions, awaits confirmation in further studies. 

 

 

4.5 Summary 

In summary, the results demonstrated in the present thesis chapter provide the 

first insight into the influence of a native GnIH on native GnRH effects on gonadotrope 

cell functions in vivo and in vitro in any fish species.  The results suggest that, in the 

goldfish, gGnIH is not a simple inhibitor of gonadotrope functions.  gGnIH does not 

directly suppress basal LH secretion but is able to selectively modulate cGnRH-II-elicited 

LH release; furthermore, gGnIH is stimulatory to GTH-β mRNA expression.  My results 

lend support to the previously established idea (Moussavi et al., 2012; Chapter 3, Figure 

3.1) that dissociation between LH release and LH-β mRNA expression, as well as 

differential modulation of LH-β and FSH-β subunit gene expression, can be manifested 

by gGnIH actions in vivo.  More importantly, novel complex interactions between gGnIH 

and GnRH are revealed.  gGnIH differentially modulates sGnRH- and cGnRH-II-induced 
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changes in GTH-β subunit at different stages of the reproductive cycle, whereas GnIH-R 

mRNA expression is subject to regulation by GnRH in addition to regulation by gGnIH.  

These findings suggest that gGnIH is an important component of the multifactorial 

neuroendocrine regulation of gonadotroph functions and provide the basis for future 

studies into the interactions of these regulators of the HPG axis in goldfish seasonal 

reproduction. 
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Figure 4.1 Effects of either gGnIH, sGnRH or cGnRH-II alone and co-treatment of 

gGnIH and GnRH on serum LH and pituitary LH-β  and FSH-β  subunit mRNA 

levels, in vivo during early recrudescence (October).  Goldfish of mixed sex were 

injected twice with 2 µg gGnIH and 4 µg of either sGnRH or cGnRH-II, at time 0 and 

12 h. Pituitaries and serum samples were collected at 14 h (2 h post 2nd injection).  Serum 

LH values were analyzed by RIA (mean ± SEM; controls, n = 12).  Abundance of 

pituitary transcripts was determined by QPCR. LH-β and FSH-β mRNA values were 

normalized against β-actin mRNA and expressed relative to controls (mean ± SEM; 

n = 6).  Control groups were normalized to 100 %.  Only serum and pituitary samples 

from fish in the correct gonadal recrudescence state were used. Different letters denote 

statistical significant differences between treatment groups (ANOVA followed by Tukey 

test, P < 0.05). 
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Figure 4.2 Effects of either gGnIH, sGnRH or cGnRH-II alone and co-treatment of 

gGnIH and GnRH on serum LH and pituitary LH-β  and FSH-β  subunit mRNA 

levels, in vivo during mid-gonadal recrudescence (December).  Goldfish of mixed sex 

were injected twice with 2 µg gGnIH and 4 µg of either sGnRH or cGnRH-II, at time 0 

and 12 h.  Pituitaries and serum samples were collected at 14 h (2 h post 2nd injection).  

Serum LH values were analyzed by RIA (mean ± SEM; controls, n = 12).  Abundance of 

pituitary transcripts was determined by QPCR.  LH-β and FSH-β mRNA values were 

normalized against β-actin mRNA and expressed relative to controls (mean ± SEM; 

n = 6).  Control groups were normalized to 100 % .  Only serum and pituitary samples 

from fish in the correct gonadal recrudescence state were used.  Different letters denote 

statistical significant differences between treatment groups (ANOVA followed by Tukey 

test, P < 0.05). 
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Figure 4.3 Effects of either gGnIH, sGnRH or cGnRH-II alone and co-treatment 

with gGnIH and GnRH on serum LH and pituitary LH-β  and FSH-β  subunit 

mRNA levels, in vivo during late gonadal recrudescence (March).  Goldfish of mixed 

sex were injected twice with 2 µg gGnIH and 4 µg of either sGnRH or cGnRH-II, at time 

0 and 12 h.  Pituitaries and serum samples were collected at 14 h (2 h post 2nd injection.  

Serum LH values were analyzed by RIA (mean ± SEM; controls, n = 12).  Abundance of 

pituitary transcripts was determined by QPCR. LH-β and FSH-β mRNA values were 

normalized against β-actin mRNA and expressed relative to controls (mean ± SEM; 

n = 6).  Control groups were normalized to 100 % .  Only serum and pituitary samples 

from fish in the correct gonadal recrudescence state were used.  Different letters denote 

statistical significant differences between treatment groups (ANOVA followed by Tukey 

test, P < 0.05). 
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Figure 4.4 Seasonal effects of either gGnIH, sGnRH or cGnRH-II alone and co-

treatment with gGnIH and GnRH on pituitary gGnIH-R mRNA levels, in vitro.  

Seasonal effects of either gGnIH, sGnRH or cGnRH-II alone and co-treatment with 

gGnIH and GnRH on pituitary gGnIH-R mRNA levels, in vivo.  Goldfish of mixed sex 

were injected twice with 2 µg gGnIH and 4 µg of either sGnRH or cGnRH-II, at time 0 

and 12 h. Pituitaries from fish in early (October), mid (December) and late gonadal 

recrudescence (March) were used.  Abundance of pituitary transcripts was determined by 

QPCR.  gGnIH-R mRNA values were normalized against β-actin mRNA and expressed 

relative to controls (mean ± SEM; n = 6).  Control groups were normalized to 100 % .  

Different letters denote statistical significant differences between treatment groups 

(ANOVA followed by Tukey test, P < 0.05). 
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Figure 4.5 Effects of gGnIH (10 nM) on the LH response to A) sGnRH (100 nM) and 

B) cGnRH-II (100 nM) in perifused dispersed goldfish pituitary cells prepared from 

goldfish of mixed sex at mid recrudescence (December to February).  gGnIH was 

applied as a 5-min pulse (solid horizontal bar) 25 min into a 1 h treatment with GnRH 

(open horizontal bar).  LH content in perifusates collected in 5-min fractions were 

analyzed by RIA and normalized as a percentage of pretreatment.  LH release profiles are 

presented in the left panels and quantified net LH responses to GnRH are presented in the 

right panels (mean ± SEM, n = 8 from 4 separate cell preparations).  Different letters 

denote statistical differences between treatment groups (ANOVA followed by Tukey test, 

P < 0.05). 
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Figure 4.6 Effects of gGnIH (10 nM) on the LH response to A) sGnRH (100 nM) and 

B) cGnRH-II (100 nM) in perifused dispersed goldfish pituitary cells prepared from 

goldfish of mixed sex at late recrudescence/sexually mature stages (May to early 

June).  GnRH was applied as a 5-min pulse (solid horizontal bar) 25-min into a 1 h 

treatment with gGnIH (open horizontal bar).  LH content in perifusates collected in 5-min 

fractions were analyzed by RIA and normalized as a percentage of pretreatment.  LH 

release profiles are presented in the left panels and quantified net LH responses to GnRH 

are presented in the right panels (mean ± SEM, n = 8 from 4 separate cell preparations).  

Different letters denote statistical differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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 Chapter Five: Seasonal effect of GnIH on basal and GnRH-induced somatotrope 

functions in the male and female goldfish pituitary 
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5.1 Introduction 

Growth hormone (GH) secretion is regulated by two major hypothalamic 

neuropeptides, growth hormone-releasing hormone (GHRH) and somatostatin-14 (SS-14) 

(Gahete et al., 2009; Tannenbaum et al., 2003; Chang et al., 2012).  In teleosts, however, 

a unique component of the multifactorial control of somatotropes is GnRH, which 

directly stimulates GH secretion and mRNA expression both in vivo and in vitro 

(Marchant et al., 1989; Cook et al., 1991; Yu et al., 1991; Habibi et al., 1992; Lin et al., 

1993; Melamed et al., 1996; Klausen et al., 2001; Li et al., 2002).  Multiple forms of 

GnRH are present in the brain of single species from teleosts to mammals (Roch et al., 

2011), although rats, mice, and chimpanzees only possess a single isoform of GnRH 

(GnRH1) (Morgan et al., 2006).  Goldfish contain two isoforms of GnRH, chicken 

(c)GnRH-II (GnRH type 2), and salmon (s)GnRH (GnRH type 3) (Yu et al., 1988).  

Furthermore, these GnRH neurons directly innervate the pituitary as teleosts lack a 

hypothalamo-hypophyseal portal system (Ball, 1981). 

The discovery of a novel hypothalamic RFamide, named gonadotropin-inhibitory 

hormone (GnIH), added another player to the multifactorial control of pituitary (Tsutsui 

et al., 2000, 2012).  GnIH peptides have now been identified in most vertebrates 

including: teleosts, amphibians, avians, and mammals (Sawada et al., 2002a, 2002b; 

Koda et al., 2002; Bentley et al., 2003; Osugi et al., 2004; Ciccone et al., 2004; 

Kriegsfeld et al., 2006; Ubuka et al., 2009a; Sari et al., 2009; Ubuka et al., 2009b; Tobari 

et al., 2010).  The majority of research on GnIH has been directed towards its effects on 

gonadotropes and its inhibition of the reproductive axis at the level of the hypothalamus 
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and pituitary (Clarke et al., 2008; Tsutsui et al., 2010;).  These effects may be modulated 

at the level of the hypothalamus by interacting with GnRH neurons, as GnIH fibers are in 

close association with GnRH neurons in birds and mammals (Bentley et al., 2003; Ubuka 

et al., 2008, 2009a; Smith et al., 2008; Smith and Clarke, 2010).  In mice GnIH inhibits 

the firing of some GnRH neurons, but is also capable of stimulating a small population of 

GnRH neurons (Ducret et al., 2009).  There is evidence for the role of GnIH at the level 

of the hypothalamus via GnIH receptors (GnIH-R) present on GnRH neurons in birds and 

mammals (Ubuka et al., 2009, 2012).  Additionally, GnIH has been shown to modulate 

GnRH neuron firing in vitro in mice (Ubuka et al., 2012), and to suppress GnRH-induced 

gonadotropin release in sparrow (Osugi et al., 2004). 

However, recent work revealed that GnIH does not always exert inhibitory 

influences on gonadotropes and reproduction (Moussavi et al., 2012, 2013; Chapters 3 

and 4).  In goldfish, my previous studies have shown that goldfish (g)GnIH 

(LPXRFamide-3) exerts both stimulatory and inhibitory influences on basal gonadotrope 

functions in a seasonally dependent manner, but it also differentially modulates the 

effects of sGnRH and cGnRH-II-induced gonadotrope functions (Moussavi et al., 2012, 

2013; Chapters 3 and 4).  Other groups have observed that zebrafish GnIH reduced serum 

LH levels in adult goldfish (Zhang et al., 2010), whereas gGnIH elevated LH and FSH 

release from salmon pituitary cell cultures (Amano et al., 2006). 

In addition to modulating the reproductive axis, GnIH orthologs have also been 

found to affect growth and metabolism by actions on hypothalamic areas regulating food 

intake and by modulation of GH secretion; however, information available currently is 

limited and the physiological role of GnIH on GH release remains to be firmly 
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established.  In frog, a GnIH ortholog (termed frog growth hormone-releasing peptide, 

fGRP) stimulated GH release in vitro and in vivo (Koda et al., 2002; Ukena et al., 2003).  

Similarly the rat GnIH ortholog RFRP-3 is found to increase GH plasma levels (Johnson 

et al., 2007).  In teleosts, gGnIH and the other two putative RFamide peptides stimulate 

the release of GH from cultured pituitary cells from male sockeye salmon (Amano et al., 

2006). 

In my previous studies I have begun to unravel the complex relationship between 

GnIH and GnRH actions on gonadotrope function in goldfish (Moussavi et al., 2012, 

2013; Chapters 3 and 4).  Based on the limited results from other vertebrates, GnIH may 

be involved in the multifactorial control of GH expression and secretion in goldfish.  

However, the effect of GnIH and its relationship with GnRH actions on somatotrope 

functions have not been investigated in teleosts and is the main focus of this thesis 

chapter. 

 

 

5.2 Materials and methods 

5.2.1 Injection studies and primary static pituitary cell cultures 

5.2.1.1 Animals  

Goldfish acclimatization protocol, water temperature, diet, and gonadal somatic 

index, and handling have previously been described (Moussavi et al., 2012, 2013; 
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Chapters 3 and 4).  Pituitaries from both males and females were collected and analysis 

performed on mixed sex samples.  

 

5.2.1.2 Injection protocol 

For in vivo studies, control goldfish were sham injected with 1X PBS (0 µg).  

Hormones were prepared, as described in Chapter 2, Section 2.1.  Individual goldfish 

were each injected twice, initially at 0-h and later at 12-h as described previously 

(Chapters 3 and 4; Moussavi et al., 2012, 2013; Omeljaniuk et al., 1989).  At 2-h post-

second-injection, blood was collected and serum samples were stored at -20°C for later 

GH RIA (Chapter 2, Section 2.5), and pituitaries collected for RNA extraction and QPCR 

analysis (as described in Chapter 2, Sections 2.4.1 and 2.4.2).  

 

5.2.2 Primary pituitary cell static culture 

Cell culture protocol and methodology performed as described previously 

(Moussavi et al., 2012, 2013; Chapter 2, Section 2.3).  Cells in static incubation cultures 

were treated continuously with stimuli for 12 h.  At the end of incubation, media samples 

were collected and frozen in -20 °C for GH RIA (Chapter 2, Section 2.5), and cells were 

used for RNA extraction.  Each experiment was repeated twice (separate cell 

preparations) with 4 replicate wells per cell preparation. 
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5.2.2.1 Pituitary cell column perifusion experiments 

Dispersed goldfish pituitary cells were prepared as in Chapter 2, Section 2.3, and 

cell cultured on pre-swollen Cytodex-I beads (Sigma, St. Louis, MO).  Perifusion 

protocol was identical to that reported in Chapter 4, Section 4.2.2 (Moussavi et al., 2013).   

Perifusate fractions were stored at -20 °C and GH contents were quantified by a GH RIA 

(Chapter 2, Section 2.5).  The GH values were calculated and analyzed as previously 

described (Wong et al., 1992; Sawisky and Chang, 2005; Moussavi et al., 2013; Chapter 

4, Section 4.2.2).  All treatments were replicated in four separate experiments using 

different cell preparations.   

 

 

5.3 Results 

5.3.1 Seasonal effects of gGnIH on basal and GnRH-induced pituitary GH mRNA levels 

and circulating GH levels in goldfish, in vivo  

As an initial step towards understanding the role of gGnIH in the control of 

somatotrope functions, I examined the effects of ip injections of gGnIH alone and in 

combination with sGnRH or cGnRH-II, on circulating serum GH levels, as well as GH 

mRNA levels in the pituitary.  Using goldfish at early stage of gonadal recrudescence 

(October), treatment with gGnIH alone significantly reduced serum GH levels, yet 

significantly stimulated GH mRNA expression (Figure 5.1), indicating an uncoupling of 

GH release and expression.  Treatment with either sGnRH or cGnRH-II alone was able to 
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significantly increase serum GH levels and GH mRNA levels.  However, gGnIH applied 

in combination with sGnRH or cGnRH-II, significantly suppressed the GnRH-induced 

GH levels, and returned serum GH to basal levels observed in the vehicle-injected 

controls (Figure 5.1).  Paradoxically, treatment with gGnIH in combination with sGnRH 

resulted in GH mRNA levels that were significantly lower than gGnIH treatment alone or 

sGnRH treatment alone, although it remained significantly higher than control (basal 

level).  Similarly, treatment with gGnIH in combination with cGnRH-II resulted in GH 

mRNA levels that were significantly lower that treatment of gGnIH alone or cGnRH-II 

alone to the level not significantly different from control basal GH mRNA level (Figure 

5.1). 

During mid gonadal recrudescence (December), treatment with gGnIH alone 

caused a significant decrease in serum GH, but significantly stimulated pituitary GH 

mRNA levels as observed in early gonadal recrudescence (Figure 5.2).  Treatment with 

either sGnRH or cGnRH-II alone did not significantly change serum GH levels (Figure 

5.2).  Additionally, treatment with cGnRH-II alone, but not sGnRH, significantly 

stimulated pituitary GH mRNA expression (Figure 5.2).  Combination treatment with 

gGnIH and sGnRH also had no effect on either serum GH or GH mRNA levels (Figure 

5.2).  Treatment of gGnIH combined with cGnRH-II did not prevent the significant 

gGnIH-induced inhibition of serum GH, yet prevented the significant cGnRH-II-induced 

stimulation of GH mRNA, bringing expression levels back to basal (Figure 5.2), again 

demonstrating differences between GnIH-mediated control of secretion and mRNA 

expression in the goldfish pituitary. 
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Consistently, during late recrudescence (March), gGnIH injections alone 

significantly reduced serum GH levels, but significantly stimulated GH mRNA 

expression (Figure 5.3).  At this stage of recrudescence, treatment with either of the two 

native GnRHs alone significantly stimulated serum GH levels, as well as pituitary GH 

mRNA expression relative to vehicle-injected controls (Figure 5.3).  In contrast, co-

injection of gGnIH with sGnRH significantly inhibited serum GH levels and resulted in 

GH mRNA expression that was not significant from either the gGnIH or vehicle-injected 

control (Figure 5.3), demonstrating a clear seasonal effects on GnIH-mediated GH 

secretion and mRNA expression.  Co-treatment of gGnIH with cGnRH-II brought both 

serum GH levels and GH mRNA expression back to levels not different from vehicle-

injected controls (Figure 5.3). 

 

 

5.3.2 Effects of gGnIH alone, sGnRH alone and in combination on pituitary GH levels 

and GH mRNA levels using primary pituitary cell cultures, in vitro  

The effects of gGnIH in vivo potentially involve a combination of both direct 

effects on the pituitary, as well as indirect effects through actions at multiple points along 

the hypothalamic-pituitary-hormone target axis regulating somatotrope functions and 

responsiveness.  To gain insight into the direct effects of gGnIH on GH release and 

production at the level of the pituitary, I investigated the dose-related effects of GnIH 

alone and in combination with sGnRH using static primary goldfish pituitary cell cultures 

and measured the amount of GH released into the media, as well as cellular GH mRNA 
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levels.  To complement the in vivo studies, these in vitro experiments were conducted at 

three different time points of gonadal recrudescence: early, mid, and late recrudescence.  

Because of small size of pituitary and limited number of pituitary cells, in order to test 

pituitary cells from goldfish at different stages of recrudescence, I was only able to test 

the effects one GnRH form, and I chose sGnRH. 

 During early gonadal recrudescence, treatment with gGnIH alone resulted in a 

dose-dependent increase in GH release at 10 and 100 nM and significantly stimulated GH 

mRNA expression at 100 nM (Figure 5.4).  Treatment with 10 nM of sGnRH alone 

resulted in a significant increase in GH released but had no significant effect on GH 

mRNA expression (Figure 5.4).  Treatment of increasing doses of gGnIH with 10 nM of 

sGnRH prevented the sGnRH-induced and the gGnIH-induced increase in GH release 

and had no effect on GH mRNA expression levels (Figure 5.4).  The apparent uncoupling 

of GH release and mRNA expression observed following in vivo treatment was not 

present, in vitro. 

In cells prepared with pituitaries from goldfish at mid-recrudescence stage, 

treatment of gGnIH significantly stimulated GH release at 1 and 10 nM concentrations 

(Figure 5.5).  Interestingly, gGnIH treatment resulted in a significant inhibition of GH 

mRNA expression at 10 and 100 nM concentrations (Figure 5.5).  Treatment with sGnRH 

alone did not significantly affect GH release, but significantly stimulated GH secretion 

relative to basal levels when treated in combination with gGnIH at 1, 10, and 100 nM 

(Figure 5.5).  The expression of GH mRNA was significantly increased by sGnRH alone, 

which was reduced in combination with gGnIH (Figure 5.5). 
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During late recrudescent at prespawning stage, gGnIH alone stimulated the 

release of GH at 1 nM, but was without effect at higher concentrations (10 and 100 nM).  

Treatment of gGnIH alone significantly suppressed the expression of GH mRNA at 10 

and 100 nM as was observed in mid-recrudescence stage (Figure 5.6).  In late 

recrudescent stage, treatments with either sGnRH alone or in combination with increasing 

doses of gGnIH had no effect on GH release.  However, GH mRNA level was 

significantly stimulated by treatment with sGnRH alone, and sGnRH-induced GH mRNA 

level was inhibited by 1 and 10 nM, but not 100 nM gGnIH (Figure 5.6).  

 

5.3.3 Effects of gGnIH alone and in combination with GnRH on in vitro GH release from 

perifused goldfish pituitary cells 

To further understand the dynamics of direct actions of gGnIH on GH release, I 

investigated the effects of gGnIH alone and in combination with the native GnRHs, 

sGnRH and cGnRH-II, in perifused cultured primary goldfish pituitary cells.  Using 

pituitary cells from fish at mid stage of gonadal recrudescence (December-February), a 1-

h treatment with either 100 nM sGnRH or 100 nM cGnRH-II alone significantly 

stimulated GH release.  A single acute 5-min pulse of 10 nM gGnIH did not significantly 

affect GH release by itself.  However, when gGnIH was applied 30-min into the 1-h 

GnRH treatment, the quantified total cGnRH-II-induced GH release response was 

significantly reduced, but not sGnRH-induced response (Figure 5.7).  

 Using the reverse paradigm, I investigated the effects of a prolonged 1-h exposure 

to gGnIH on the acute effect of GnRH to stimulate GH release using pituitary cells 
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obtained from fish at the late recrudescence/sexually matured stage (May-June).  A 1-h 

treatment with gGnIH alone significantly reduced basal GH secretion by 15 to 25 minutes 

following the commencement of gGnIH exposure (average GH values in these 3 fractions 

in columns exposed to gGnIH = 73.6 ± 3.2 % pretreatment, n = 32; equivalent GH values 

in columns not exposed to gGnIH = 100.7 ± 4.4 % pretreatment, n = 16, P < 0.05 vs 

gGnIH-treated columns; Figure 5.8).  Acute 5-min applications of either sGnRH or 

cGnRH-II significantly increased GH secretion when changes in GH contents were 

quantified over the 20-min following GnRH application.  These responses were 

significantly attenuated when sGnRH or cGnRH-II was applied 30-min into the 1-h 

gGnIH exposure (Figure 5.8). Interestingly, upon the removal of the prolonged gGnIH 

treatment, a significant increase in GH release was observed; this “rebound increase” was 

not observed in the columns treated with an acute pulse of GnRH alone (Figure 5.8). 

 

 

5.4 Discussion 

In an effort to clarify the possible involvement of GnIH in the neuroendocrine 

regulation of somatotrope functions, I have investigated the effect of GnIH on basal and 

GnRH-induced mRNA expression and secretion of GH from the goldfish pituitary.  This 

is the first time that both in vivo and in vitro effects of GnIH on GH release and mRNA 

expression have been monitored over three gonadal recrudescence stages within the same 

study, as well as the long- and short-term in vitro effects of GnIH GH secretion 

compared, alone and in combination with two native GnRHs, in any vertebrate systems.  

This study demonstrates for the first time that gGnIH differentially modulates the effect 
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of two native GnRHs (sGnRH and cGnRH-II), reveals the seasonal reproductive 

influences on gGnIH action, and suggests possible differences between the direct and 

indirect effects of gGnIH on somatotrope functions.  

 

5.4.1 GH release 

Results from my in vivo investigations clearly show that gGnIH consistently 

reduces basal and/or GnRH-induced elevation in serum GH levels, at all three gonadal 

recrudescence stages examined.  In addition, perifusion experiments indicate that gGnIH 

reduces basal and sGnRH- and cGnRH-II-stimulated GH secretion from pituitary cells 

prepared from fish at late recrudescence, and attenuates cGnRH-II-induced GH release 

from pituitary cells prepared from fish at mid recrudescence.  These results suggest that 

gGnIH can reduce GH release, at least in part, by direct actions on basal GH secretion 

and by inhibition of GnRH-stimulated GH release at the level of the pituitary cells.  

These results differ from those in amphibians and male rats where the GnIH homolog 

(fGRP and RFRP-3, respectively), stimulate GH secretion in vivo (Koda et al., 2002; 

Johnson et al., 2007).  Whether the in vivo inhibitory effects of gGnIH on basal and 

stimulated GH secretion also involves gGnIH actions at other levels of the 

neuroendocrine axis regulating GH release in the goldfish is not known but such 

knowledge will be important for the overall understanding of the physiological role of 

gGnIH in this regard.  In goldfish, gGnIH implantation stimulated serum testosterone (T) 

levels in males, but had no effect on estradiol (E2) levels in females (Qi et al., 2013b).  In 

hamsters, E2 injection increased early gene expression in GnIH-immunoreactive (GnIH-
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ir) cells (Kriegsfeld et al., 2006) and was required for the daily changes in GnIH-ir 

cellular activity (Gibson et al., 2008), and E2 treatment has been shown to decrease GnIH 

mRNA expression in mice (Molnár et al., 2011).  Interestingly, the gonads of many 

mammalian and avian species also express gGnIH (Tsutsui et al., 2012).  Hence it is 

possible that the growth axis is also subsequently modulated by the GnIH-induced 

changes in gonadal steroids (Melamed et al., 1998).  In future studies, it is also important 

to consider other factors involved in the hypothalamo-hypophyseal growth axis.  For 

example in goldfish, it is known that pinealectomy results in decreased change in body 

growth, and melatonin injection results in a dose-dependent increase in body weight (de 

Vlaming, 1980).  Although it is unclear whether the pineal gland and melatonin is 

involved in the control of gGnIH in goldfish, it has been found to be an important 

modulator in avian and mammals (Tsutsui et al., 2012). 

Reminiscent of the rebound increase in GH release following termination of SS-

14 treatment in mammals (Rigamonti et al., 2002), cessation of the 1-h perifusion 

treatment with gGnIH resulted in a large increase in GH secretion regardless of whether 

GnRH was also applied (Figure 5.8).  This rebound increase in GH release is neither seen 

upon termination of exposure to SS-14 in previous experiments with goldfish pituitary 

cells (Marchant et al., 1987), nor following the removal of a long GnRH treatment in the 

present chapter.  However, rebound increase in GH release has been reported for 

perifused goldfish pituitary cells upon termination of norepinephrine and epinephrine 

treatments (Lee et al., 2000).  Nonetheless, this is the first time a termination of treatment 

by a release-inhibitory hypothalamic peptide has been shown to cause a GH secretion 

rebound in goldfish. 
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Unexpectedly, the effects of static 12-h incubation of primary goldfish pituitary 

cells with gGnIH on GH release differ from those observed with in vivo administration 

and with in vitro perifusion treatments.  In contrast to the suppression of GH secretion, 

static gGnIH treatment in vitro stimulates GH secretion into the culture media at all 

stages of recrudescence.  It is possible that gGnIH receptors desensitize and/or down-

regulate over the 12-h treatment period, resulting in the diminution of gGnIH effects, the 

subsequent manifestation of “rebound increase” in GH release phenomenon, and an 

overall increase in accumulated GH release present in the media.  Indeed, gGnIH 

injection has been shown to reduce goldfish pituitary gGnIH receptor mRNA expression 

in a previous study (Chapter 3; Moussavi et al., 2012).  In addition, complex local 

cellular and paracrine interactions likely exist in goldfish pituitary cell cultures under 

long-term static incubation conditions.  For example, the presence of sGnRH enhances 

the ability of gGnIH to increase GH release at mid recrudescence while the combination 

of sGnRH and gGnIH treatment reduces the GH response relative to either sGnRH or 

gGnIH alone in experiments with cells prepared from fish at early recrudescence.  

Previously, local LH secretion has been shown to positively affect somatotrope GH gene 

transcription and GH release responsiveness in carp pituitary cells in static incubation 

(Zhou et al., 2004, 2005; Wong et al., 2006).  However, in previous studies with goldfish 

pituitary cells, gGnIH treatment increases cumulative LH release in 12-h static incubation 

studies only in experiments at late recrudescence, but not at early and mid recrudescence 

(Chapter 3; Moussavi et al., 2012).  Thus changes in the local LH milieu alone are 

insufficient to explain this paradoxic switch in GH responses to combination treatments 
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with gGnIH and sGnRH.  The local factor(s) underlying these switches in combinatory 

sGnRH and gGnIH effects are unknown and remain to be explored in the future.  

 

5.4.2 Steady state GH mRNA expression 

Limited information is available in the literature regarding the effect of GnIH 

homologs on GH mRNA expression in vivo or in vitro and this thesis chapter represents 

the first time GnIH homologs effect on GH mRNA expression has been investigated in 

teleosts.  In ovine pituitary cell cultures, RFRP-3 is reported to have no effect on GH 

gene expression (Sari et al., 2009).  In contrast in the present study, gGnIH reduces 

GnRH-elicited elevations in pituitary GH mRNA expression in both in vivo and in vitro 

experiments, barring one exception (12 h incubation with the combination of 100 nM 

gGnIH with sGnRH at late gonadal recrudescence, Figure 5.6).  GnRH stimulation of GH 

gene expression in goldfish is mediated by extracellular signal regulated kinase (ERK) 

activation (Klausen et al., 2005) and GnIH targets ERK signaling to reduce gonadotropin 

subunit transcript levels in LβT2 cells (Son et al., 2012).  How gGnIH attenuates the 

increases in GH gene expression in response to GnRH is unknown but inhibition of ERK 

signaling is a likely mechanism to be explored in future studies.  Why co-treatment with 

the lower 1 and 10 nM, but not the 100 nM, gGnIH attenuated the sGnRH-induced 

elevation on GH mRNA levels in pituitary cells prepared from fish at late recrudescence 

is unknown at present but may reflect differences in dose-dependent effects of gGnIH 

and/or the result(s) of its interaction with other local regulatory factors over the 12 h 

incubation conditions. 
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In contrast to the largely inhibitory effects of gGnIH on GnRH-elicited increases 

in GH gene expression, gGnIH treatment alone elevates goldfish pituitary GH mRNA 

levels at all three gonadal recrudescence stages examined in vivo and at early gonadal 

recrudescence in vitro, but decreased GH mRNA levels in vitro in cells at mid and late 

gonadal recrudescence.  These results not only indicates that gGnIH effects on basal GH 

gene expression are distinct from those affecting stimulated GH mRNA expression, but 

also that these differences in gGnIH influences in vitro, as compared to in vivo, are likely 

the result of a complex combination of direct pituitary level actions, including local 

pituitary paracrine actions as discussed in Section 5.5.1, as well as indirect actions 

through effects on other neuroendocrine regulators of GH gene expression.  

Regardless of how the different gGnIH effects on basal and stimulated GH gene 

expression are manifested, my results also show that regulation of GH mRNA expression 

and GH secretion are often uncoupled, especially following gGnIH injections in vivo 

(Figures 5.1 − 5.3) and 12-h incubation with gGnIH in vitro (Figures 5.4 − 5.5) where 

gGnIH have different, and often opposite, effects on GH release and GH mRNA 

expression.  These results reveal a remarkable ability of gGnIH to uncouple the 

expression and secretion of GH.  Uncoupling of GH expression and secretion by other 

hormones has been seen before.  For example, the ability of another RF-amide, goldfish 

kisspeptin-10, is able to stimulate GH release yet had no effect on GH mRNA expression 

(Yang et al., 2010).  Additionally, my previous investigations have shown that gGnIH is 

also able to uncouple LH-β mRNA expression and LH secretion (Chapter 3, Moussavi et 

al., 2012).  Uncoupling of GH mRNA expression, GH production, and GH secretion in 

goldfish pituitary cells may be due to specific modulations of pharmacologically distinct 
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intracellular Ca2+ pools, as well as the involvement of other aspects of the signal 

transduction pathway (Johnson et al., 2002; Chang et al., 2012).  However, whether 

differential use of Ca2+ signaling mechanisms mediates the ability of gGnIH to dissociate 

GH secretion and production or the involvement of post-receptor signal transduction in 

goldfish is unknown and remains to be investigated. 

 

5.4.3 Influences of gonadal recrudescence stages  

 Results from this thesis chapter also indicate that gonadal recrudescence status 

exerts profound influence on the effects of gGnIH, GnRH, and the combined gGnIH plus 

GnRH treatments on somatotrope functions in the goldfish.  While 12-h incubation with 

gGnIH consistently stimulates GH release, the effective dose switches from high nM to 

low nM in cell preparations from fish at early recrudescence to those of late 

recrudescence (Figures 5.4 − 5.6), suggesting a change in sensitivity to gGnIH.  

Accompanying this is a change from a stimulatory to an inhibitory GH mRNA response 

to gGnIH application in these experiments, indicating a switch in the how 12-h 

incubation with gGnIH affects GH gene expression with gonadal recrudescence.  

Furthermore in perifusion experiments (Figures 5.7 and 5.8), gGnIH only attenuates 

cGnRH-II-induced GH release at times of mid recrudescence but inhibits the GH release 

responses to both sGnRH and cGnRH-II at late gonadal recrudescence/prespawning, 

indicating the presence of a reproductive state-dependent, direct, isoform-selective 

inhibitory influence on GnRH effects on GH release. 
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This is the first time the effects of GnRH-induced GH secretion have been studied 

in parallel with GH mRNA levels in the goldfish, as well as in any teleost species, across 

gonadal recrudescence stages.  While results in this study confirms previous findings in 

which both sGnRH and cGnRH-II stimulate the secretion (Marchant et al., 1989; 

Mahmoud et al., 1996) and expression of GH (Klausen et al., 2001, 2002b), seasonal 

reproductive influences on these aspects of GnRH action also begin to be elucidated.  

Although changes in the effectiveness of sGnRH and cGnRH-II to stimulate GH 

secretion throughout the seasonal reproductive year in vitro and in vivo has been 

previously demonstrated (Chang et al., 1996; Peter and Chang, 1999), serum and culture 

media GH levels were not elevated, respectively, at 2-h post-injection and 12-h 

incubation by cGnRH-II and sGnRH at times of mid gonadal recrudescence in the present 

study (Figures 5.2 and 5.5).  On the other hand, 5-min applications of sGnRH alone, as 

well as cGnRH-II alone, stimulated GH release from goldfish pituitary cells prepared 

from fish at mid recrudescence, indicating both GnRHs can directly elicit acute GH 

release responses in pituitary cells prepared from fish at this reproductive stage (Figure 

5.7).  Likewise, while injections of sGnRH failed to elicit an increase in pituitary GH 

mRNA levels in fish at mid recrudescence (Figure 5.2), 12-h incubation with sGnRH in 

vitro elevated GH mRNA levels in pituitary cell cultures prepared from fish at this same 

reproductive stage (Figure 5.5.).  In contrast, GH mRNA levels were elevated by 

injections of sGnRH (Figure 5.1) but not following 12-h incubation with sGnRH at early 

recrudescence (Figure 5.4).  Interestingly, the magnitudes of the elevation in GH mRNA 

level following cGnRH-II injections decreased as fish advanced in gonadal recrudescence 

(Figure 5.1 − 5.3; ~ 7000, 1700 and 300% of controls at early, mid- and late 
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recrudescence, respectively).  These results, when taken together, suggest that gonadal 

recrudescence status affects the efficacy and/or kinetics of the GH release and GH gene 

expression responses to GnRH.  The presence of seasonal reproductive differences in the 

GH mRNA responses to GnRH is unlikely to be unique to the goldfish.  Seasonal 

differences in the effects of a GnRH analog on pituitary GH gene expression have also 

been reported for masu salmon (Bhandari et al., 2003).   

How these seasonal reproductive influences are manifested is unknown and 

requires thorough examination in the future. However, these changes may be partly due 

to seasonal changes in gonadal steroids.  In female goldfish, implantation of silastic pellet 

containing E2 potentiates sGnRH-induced GH secretion and elevates pituitary GH 

content (Trudeau et al., 1992).  Application of testosterone in vitro, as well as in vivo, 

likewise increases pituitary GH mRNA levels in sexually matured, as well as immature, 

goldfish (Trudeau et al., 1992).  Treatment of cultured goldfish pituitary cells in vitro 

with E2 also enhances the GH release responses to sGnRH and cGnRH-II (Trudeau et al., 

1992). In addition, in vivo treatment with E2 reduces the in vitro effects of SS-14 on GH 

release and down-regulates the expression of pituitary SS type 2 receptor mRNA in 

goldfish (Cardenas et al., 2003).  Hence seasonal differences in somatotrope control by 

gGnIH and GnRH may be due to changes in circulating gonadal steroids, changes in 

receptor levels, as well as other neuroendocrine factors.  
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5.5 Summary 

My findings provide the first insights into the influence of a native GnIH and its 

effects on somatotropes cell functions for the first time in a teleost system.  One of my 

key findings in this chapter is that gGnIH is not simply a stimulatory peptide for GH 

release, as is commonly believed for GnIH and its orthologs in higher vertebrates.  In 

goldfish, gGnIH affects both GH release and GH mRNA expression, alone and in 

combination with known regulators of somatotrope functions in this system, and in a 

complex manner that is dependent on the mode of application, duration of exposure, as 

well as reproductive season/gonadal recrudescence status.  Overall, gGnIH is largely 

inhibitory to GnRH-induced increases in GH release and pituitary GH mRNA levels.  

Based on observations from in vivo and acute in vitro applications, gGnIH inhibits basal 

GH secretion but stimulates GH gene expression.  However, a net stimulatory effect on 

GH secretion is observed upon long-term exposure to gGnIH alone, which may be partly 

due to a rebound increase in GH secretion following an inhibitory episode.  Seasonal 

reproductive influences are manifested in changes in sensitivity to gGnIH and in GnRH 

isoform-selective interactions.  Importantly, gGnIH may dissociate GH release episodes 

from GH gene expression as opposite changes in these two parameters are often seen in 

its presence.  

In addition to the regulation of body growth, GH has been shown to enhance the 

gonadal steroidogenic response to gonadotropin and to promote gametogenesis in teleosts 

(Van der Kraak et al., 1990b; Moussavi et al., 2009).  Reflecting such actions, serum GH 

levels in goldfish in temporate climates are highest during the late spring and early 
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summer months when maximal somatic growth occurs and the gonads are regressed 

following spawning.  Serum GH levels subsequently drop to a nadir in the early fall prior 

to gradually increasing again along with the commencement of gonadal recrudescence 

(Marchant and Peter, 1986; Marchant et al., 1987).  Taken together with information 

from the literature, my results suggest that in goldfish, gGnIH may be an integral part of a 

multifactorial system that controls seasonal regulation of somatotrope functions.  Though 

it remains a speculation at present, gGnIH, through its ability to differentially affect and 

uncouple GH release and GH gene expression, as well as through its modulatory 

influences on the somatotrope actions of other neuroendocrine factors such as the two 

native GnRHs, may contribute to the seasonal control of changes in pituitary GH 

production, pituitary GH release, and the resultant serum GH levels important for the 

regulation and partition of energy utilization between gonadal and somatic growth 

through the annual reproductive cycle.  Interestingly, my previous findings indicate a 

complex interaction between gGnIH and GnRH also exists in regards to the regulation of 

goldfish gonadotrope functions and that gGnIH can cause dissociation between 

gonadotropin gene expression and secretion (Moussavi et al., 2012, 2013; Chapters 3 and 

4).  How the effects of gGnIH on goldfish somatotropes and gonadotropes are 

coordinated is unknown and will be important aspects for future studies.  Nonetheless, 

my results provide the basis for these future studies into the neuroendocrine roles of 

gGnIH and other regulators in the integrated control of goldfish seasonal reproduction 

and growth. 
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Figure 5.1 The effect of gGnIH on serum GH (upper panel) and pituitary GH 

mRNA levels (lower panel) during early recrudescence (October), in vivo.  Goldfish 

were injected twice, at time 0 and 12 h; PBS-injected fish served as controls.  Pituitaries 

and blood samples for serum collection were removed at 2 h following the 2nd injection.  

Serum GH values were analyzed by RIA (mean ± SEM; n = 12).  Abundance of pituitary 

transcripts was determined by QPCR.  GH mRNA values were normalized against β-

actin mRNA and expressed relative to controls (mean ± SEM; controls, n  = 6); control 

groups were normalized to 100 % .  Different letters denote statistical significant 

differences (ANOVA followed by Tukey test, P < 0.05).  Tissues from fish that did not 

resemble the necessary gonadal stage were not used. 
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Figure 5.2 The effect of gGnIH on serum GH (upper panel) and pituitary GH 

mRNA levels during mid recrudescence (December), in vivo.  Goldfish were injected 

twice, at time 0 and 12 h; PBS-injected fish served as controls.  Pituitaries and blood 

samples for serum collection were removed at 2 h following the 2nd injection.  Serum GH 

values were analyzed by RIA (mean ± SEM; n = 12).  Abundance of pituitary transcripts 

was determined by QPCR.  GH mRNA values were normalized against β-actin mRNA 

and expressed relative to controls (mean  ±  SEM; controls, n  = 6); control groups were 

normalized to 100 %.  Different letters denote statistical significant differences (ANOVA 

followed by Tukey test, P < 0.05).  Tissues from fish that did not resemble the necessary 

gonadal stage were not used. 
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Figure 5.3 The effect of gGnIH on serum GH (upper panel) and pituitary GH 

mRNA levels (lower panel) during late recrudescence (March), in vivo.  Goldfish 

were injected twice, at time 0 and 12 h; PBS-injected fish served as controls.  Pituitaries 

and blood samples for serum collection were removed at 2 h following the 2nd injection.  

Serum GH values were analyzed by RIA (mean ± SEM; n = 14).  Abundance of pituitary 

transcripts was determined by QPCR. GH mRNA values were normalized against β-actin 

mRNA and expressed relative to controls (mean ± SEM; controls, n  = 7); control groups 

were normalized to 100 % .  Different letters denote statistical significant differences 

(ANOVA followed by Tukey test, P < 0.05).  Tissues from fish that did not resemble the 

necessary gonadal stage were not used. 
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Figure 5.4 The dose-related effects of gGnIH on GH release (upper panel) and GH 

mRNA levels (lower panel) in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at early gonadal recrudescence (October).  After 12 h of static 

treatment, a media sample was removed for GH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  GH transcript abundance was 

determined by QPCR and the results normalized against β-actin and expressed as a 

percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences (ANOVA followed by Tukey 

test, P < 0.05). 
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Figure 5.5 The dose-related effects of gGnIH on GH release (upper panel) and GH 

mRNA levels (lower panel) in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at mid gonadal recrudescence (December).  After 12 h of static 

treatment, a media sample was removed for GH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  GH transcript abundance was 

determined by QPCR and the results normalized against β-actin and expressed as a 

percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences (ANOVA followed by Tukey 

test, P < 0.05). 
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Figure 5.6 The dose-related effects of gGnIH on GH release (upper panel) and GH 

mRNA levels (lower panel) in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at late gonadal recrudescence (March).  After 12 h of static 

treatment, a media sample was removed for GH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  GH transcript abundance was 

determined by QPCR and the results normalized against β-actin and expressed as a 

percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences (ANOVA followed by Tukey 

test, P < 0.05). 
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Figure 5.7 Effects of gGnIH (10 nM) on GH response to A) sGnRH (100 nM) and B) 

cGnRH-II (100 nM) in perifused dispersed goldfish pituitary cells prepared from 

goldfish of mixed sex at mid recrudescence (December to February).  gGnIH was 

applied as a 5-min pulse (solid horizontal bar) 25-min into a 1 h treatment with GnRH 

(open horizontal bar).  GH content in perifusates collected in 5-min fractions were 

analyzed by RIA and normalized as a percentage of pretreatment (average of the first 5 

fractions collected prior to hormone treatment).  GH release profiles are presented in the 

left panels and quantified net GH responses to GnRH are presented in the right panels 

(mean ± SEM, n = 8 from 4 separate cell preparations).  Different letters denote statistical 

differences between treatment groups (ANOVA followed by Tukey test, P < 0.05). 
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Figure 5.8 Effects of gGnIH (10 nM) on the GH response to A) sGnRH (100 nM) 

and B) cGnRH-II (100 nM) in perifused dispersed goldfish pituitary cells prepared 

from goldfish of mixed sex at late recrudescence/sexually matured stages (May to 

early June).  GnRH was applied as a 5-min pulse (solid horizontal bar) 25-min into a 1 h 

treatment with gGnIH (open horizontal bar).  GH content in perifusates collected in 5-

min fractions were analyzed by RIA and normalized as a percentage of pretreatment 

(average of the first 5 fractions collected prior to hormone treatment).  GH release 

profiles are presented in the left panels and quantified net GH responses to GnRH are 

presented in the right panels (mean ± SEM, n = 8 from 4 separate cell preparations).  

Different letters denote statistical differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05).
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 Chapter Six: In vivo treatments with GnIH and sGnRH differentially modulate 

gonadotrope and somatotrope functions, and hypothalamic GnIH and GnIH-R gene 

expression in goldfish 
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6.1 Introduction 

Since the discovery of GnIH in the Japanese quail (Tsutsui et al., 2000), GnIH 

homologs have also been identified in many vertebrate species including fish, frogs, 

birds, ducks, rodents, sheep, pigs, monkeys, and humans (reviewed in Bentley et al., 

2010; Tsutsui et al., 2010, 2012).  Investigations using these homologs suggest a role for 

GnIH in the control of reproduction by actions at the hypothalamus and pituitary levels 

(reviewed in Tsutsui et al., 2010; Ubuka et al., 2013b; also see Chapter 1 for a review).  

However, GnIH may not simply be an inhibitor of GTH release.  For example, gGnIH is 

able to stimulate the release of FSH, LH, and GH from cultured pituitary cells from 

precocious male sockeye salmon (Amano et al., 2006).  Furthermore, my thesis studies 

have shown that gGnIH can exert stimulatory, as well as inhibitory, influences on 

gonadotrope functions depending on the mode of administration and the gonadal 

recrudescence stage of the goldfish (Moussavi et al., 2012, 2013; Chapters 3 and 4).  

Importantly, LH secretion and LH-β and FSH-β subunit mRNA levels are dissociated 

and differentially regulated by gGnIH in goldfish (Moussavi et al., 2012; Chapter 3).  

In addition to its effect on the HPG axis, GnIH orthologs have also been shown to 

play a role in the regulation of GH secretion.  For example, fGRP and fGRP-RP stimulate 

GH release in vitro and in vivo in frogs (Koda et al., 2002; Ukena et al., 2003), and 

RFRP-3 increases GH plasma levels in rats (Johnson et al., 2007).  gGnIH and its two 

related RFamide peptides stimulate the release of GH from cultured pituitary cells from 

male sockeye salmon (Amano et al., 2006).  On the other hand, when tested in goldfish, 

gGnIH has complex stimulatory and inhibitory effects on basal and stimulated GH 
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release and GH mRNA expression depending on the mode and duration of exposure and 

gonadal recrudescent status (Chapter 4). 

When these results from Chapters 3, 4 and 5 are taken together, they suggest that 

gGnIH influences on pituitary GTH and GH release and gene expression are mediated by 

direct pituitary actions, as well as by indirect actions through modulations and/or 

interactions with other neuroendocrine regulators.  Recent studies on birds and mammals 

have shown that hypothalamic GnIH fibers are in close contact with GnRH neurons 

(Bentley et al., 2003; Ubuka et al., 2008; Smith et al., 2008; Ubuka et al., 2009a) and it 

has been suggested that GnIH is able to modulate GnRH neuronal activities and hence act 

at the level of the hypothalamus (reviewed in Smith and Clarke, 2010; Tsutsui et al., 

2010; Clark, 2011; Ubuka et al., 2013b).  In some teleosts and a single mammalian 

preliminary study, GnRH stimulates both GTH and GH release (Alan and Penzias, 1995; 

Melamed et al., 1998; Gahete et al., 2009).  

In the goldfish, sGnRH and cGnRH-II neurons directly innervate the pars distalis 

(Peter et al., 1987; Yu et al., 1988), and both GnRH forms stimulate GTH and GH release 

and gene expression (Chang et al., 2009, 2002; Klausen et al., 2002a, 2002b, 2005).  

Recent findings also indicate that GnIH inhibits GnRH-induced GTH subunit gene 

expression in the LbT2 mouse gonadotrope cell line and other mammalian and avian 

study models (Tsutsui et al., 2000; Ciccone et al., 2004; Kriegsfeld et al., 2006; Ubuka et 

al., 2006; Son et al., 2012), and suppresses GnRH-induced LH and FSH secretion in 

sheep (Clarke et al., 2008).  Additionally, I have recently found that GnIH is able to 

differentially attenuate the stimulatory influences of sGnRH or cGnRH-II on LH-β, FSH-

β and GH mRNA levels in a seasonal reproductive-dependent manner (Moussavi et al., 



 

 121 

2013; Chapters 4 and 5).  Likewise, Qi and colleagues recently showed that gGnIH 

reduced GnRH analog-induced increase in FSH-β subunit mRNA levels in goldfish at 

late vitellogenesis (Qi et al., 2013a).  Furthermore in chickens, one GnIH-R subtype has 

been found to be expressed in higher levels during the non-reproductive stages and that 

its levels are inversely related to GnRH type III receptor levels, suggesting GnIH 

negatively regulates the sensitivity to GnRH (Ikemoto and Park, 2005; Shimizu and 

Bédécarrats, 2010).  In the goldfish, sGnRH and cGnRH-II injection increase pituitary 

gGnIH-R mRNA expression during mid and late recrudescence (Moussavi et al., 2013; 

Chapter 4).  Conversely, gGnIH injection decreases sGnRH mRNA levels in the 

hypothalamus in another study with goldfish at late ovarian vitellogenesis (Qi et al., 

2013a).  These results, when taken together, indicate that interactions between GnIH and 

GnRH at the levels of the hypothalamus and pituitary are important elements in the 

physiological functions of GnIH as a regulator of growth and reproduction.  

In the goldfish and other cyprinids, induction of ovulation and spawning in 

aquacultural settings often involves the combined use of a DA antagonist with a GnRH 

superagonist due to the necessity of removing the strong endogenous DA inhibitory 

influence on LH release.  Interestingly, this involves either double injections of DA 

antagonist together with GnRH or prior injection of DA antagonist followed by a second 

injection of GnRH in the presence or absence of DA antagonist (reviewed in Peter et al., 

1986, 1988).  A double injection protocol is often used as the first injection with GnRH 

has been shown to prime the subsequent GnRH-induced LH response in the absence of 

DA antagonists (Omeljaniuk et al., 1989).  Depending on the species, and within a single 

species, including goldfish, the relative effectiveness of these treatment protocols may 
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vary indicating the sequence of exposure to neuroendocrine factors are important in the 

control of pituitary responses.  To further elucidate the relationship between GnIH and 

GnRH actions on gonadotrope and somatotrope functions in goldfish, I examined the 

effects of single exposure to either synthetic gGnIH or sGnRH alone by ip injection, and 

double ip injections (12 h apart) of sGnRH alone, gGnIH alone, and sGnRH together with 

gGnIH, as well as prior injection of gGnIH followed by a second injection of sGnRH in 

either the absence or presence of gGnIH.  Serum LH and GH levels; pituitary LH-β, 

FSH-β, GH and gGnIH-R mRNA levels; and hypothalamic gGnIH and gGnIH-R mRNA 

expression were measured at 12 h after the second injection.  Fish used were at a time of 

late gonadal recrudescence (pre-spawning). 

 

 

6.2 Methods and materials 

6.2.1 Animals  

Male and female goldfish at late gonadal recrudescence (= sexually mature or 

prespawning, May) were used so as to match previous studies on the effectiveness of 

single vs. double injections of GnRH analogues on LH release (Omeljaniuk et al., 1989).  

Water temperature was about 16 °C.  Serum, pituitary and hypothalamic tissues from 

both males and females were collected and analysis performed on mixed sex samples.   
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6.2.2 Injection protocol 

gGnIH and sGnRH were diluted as described in Chapter 2, Section 2.1, (2 µg 

gGnIH or 4 µg GnRH per 100 µl).  Goldfish were each injected twice, first at time 0 h, 

and later at 12 h using a protocol, which was modified from the previously established 

protocols (Moussavi et al., 2012, 2013; Chapters 3, 4, and 5).  Each fish in the treatment 

groups was either doubly injected with 4 µg of gGnIH alone, 4 µg of sGnRH alone, 4 µg 

gGnIH plus 4 µg of sGnRH, or 2 µg gGnIH in the 1st injection followed by either 4 µg 

gGnIH plus 4 µg of sGnRH or 4 µg of sGnRH alone while controls were sham injected 

with 1 X PBS (0 µg).  In addition, two groups initially received a sham injection at 0 h, 

with a hormone injection of either gGnIH or sGnRH at 12 h (i.e., single gGnIH and 

sGnRH exposure groups).  At 12 h post-second-injection, blood was taken from the 

caudal vein and allowed to clot for collection of serum samples (stored at -20 °C).  Serum 

was later analyzed for LH and GH levels using previously established RIAs (Chapter 2, 

Section 2.5).  LH and GH levels were compared to control (100 %).  The brain was 

exposed by removing the cranium, and the cerebral hemispheres, optic lobes, and 

medulla were separated from the mid brain.  An incision was then made at the anterior 

margin of the cerebellum and posterior margin of the optic tectum-thalamus so that the 

hypothalamic region could be separated, and the pituitary remained undisturbed for 

collection (as shown in Lin and Peter, 2003).  Total RNA extraction, reverse transcription 

and QPCR analysis was performed as described in Chapter 2, Sections 2.4.1 and 2.4.2.  
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6.3 Results 

6.3.1 Effects of gGnIH on sGnRH-induced changes in pituitary LH-β, FSH-β subunit 

mRNA levels and serum LH levels in goldfish, in vivo  

Single injection of either gGnIH or sGnRH (12 h before sample collection) and 

double injections of sGnRH alone significantly increased serum LH, as well as LH-β and 

FSH-β mRNA expression (Figure 6.1).  Interestingly, the gGnIH and sGnRH-induced 

expression of FSH-β mRNA was much greater (15 to over 150-fold change from the 

control group), when compared to the stimulation of LH-β mRNA levels (increased 

approximately between approximately 4-15 fold) (Figure 6.1).  Double injections of 

gGnIH alone also significantly elevated serum LH and pituitary FSH-β mRNA levels but 

had no effect on LH-β mRNA expression (Figure 6.1).  Interestingly, the magnitudes of 

the FSH-β mRNA responses to gGnIH alone were significantly greater than those to 

sGnRH alone in both the single and double injection protocols (Figure 6.1).  Significant 

increases in serum LH levels were also seen in the groups receiving double injections of 

either sGnRH and/or gGnIH; however, co-injection with and/or prior exposure to gGnIH 

reduced the GnRH-induced LH- and FSH-β mRNA responses to levels not different from 

controls (Figure 6.1). 
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6.3.2 Effects of gGnIH on sGnRH-induced changes in pituitary GH mRNA levels and 

serum GH levels in goldfish, in vivo 

 Both single and double injections of sGnRH alone significantly elevated serum 

GH and pituitary GH mRNA levels (Figure 6.2).  Although single injection of gGnIH 

alone significantly elevated GH mRNA expression, neither single nor double injections 

of gGnIH altered serum GH and GH mRNA levels (Figure 6.2).  With the exception of 

the group receiving two injections of gGnIH together with sGnRH, the sGnRH-induced 

responses were reduced to control levels by prior exposure to and/or the simultaneous 

treatment with gGnIH (Figure 6.2). 

 

6.3.3 Effects of gGnIH on sGnRH-induced changes in hypothalamic gGnIH and gGnIH-

R, and pituitary GnIH-R mRNA levels, in vivo 

I also examined the effects of gGnIH and sGnRH injection on hypothalamic 

expression of gGnIH and gGnIH-R mRNA, as well as pituitary gGnIH-R mRNA levels, 

as a step in investigating how gGnIH/gGnIH-R-mediated functions may be affected by 

homologous and heterologous hormone treatments.  Either single or double injection with 

gGnIH alone significantly decreased hypothalamic gGnIH, but not gGnIH-R, mRNA 

levels (Figure 6.3).  In contrast, while a single injection of sGnRH alone only reduced 

hypothalamic GnIH mRNA levels, two injections of sGnRH only reduced hypothalamic 

gGnIH-R gene expression (Figure 6.3).  The effects of a single exposure sGnRH on 

hypothalamic gGnIH-R and gGnIH gene expression were not modified by a prior 

injection of gGnIH and/or by the presence of gGnIH at the time of the single sGnRH 
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treatment (Figure 6.3).  On the other hand, double injection with gGnIH together with 

sGnRH significantly elevated hypothalamic gGnIH and gGnIH-R mRNA expression 

above levels observed with two injections of gGnIH alone (Figure 6.3).   

Pituitary GnIH-R expression was not altered by exposure to sGnRH alone in 

either a single or a double injection protocol but was suppressed by a single, but not a 

double, injection with gGnIH alone (Figure 6.3).  Interestingly, all combinations of 

gGnIH plus sGnRH treatments resulted in significant reductions in pituitary gGnIH-R 

mRNA levels regardless of injection sequence/protocol (Figure 6.3). 

 

 

6.4 Discussion 

The present chapter represents the first time that in vivo effects of different 

combinations of GnIH and sGnRH treatments on hypothalamic gGnIH and gGnIH-R 

mRNA expression, as well as pituitary gGnIH-R mRNA levels, have been examined in 

the same experiment in any vertebrate species.  Although I have previously investigated 

the effects of double injections of combined gGnIH and sGnRH treatments in goldfish 

(Moussavi et al., 2013; Chapter 4), this is the first time that the effects of gGnIH on 

sGnRH-induced LH and GH release, as well as changes in GTH-β subunit and GH 

mRNA expression, were examined with an unique injection protocol that allows for 

comparisons of single and different sequences of combinational exposures to gGnIH 

and/or sGnRH.  This thesis study provides further evidence that GnIH activity in lower 

vertebrates, such as teleost fish, is more complex than has been generally demonstrated in 
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higher vertebrate study models, with both stimulatory and inhibitory effects on 

gonadotrope and somatotrope functions, and especially under GnRH stimulation. 

 

6.4.1 Effects on serum GTH and GH levels and pituitary GTH and GH mRNA expression 

My results demonstrate that a native gGnIH form has different effects when 

injected alone as compared to when it is applied in combination with sGnRH.  

Interestingly treatment with either gGnIH or sGnRH alone stimulates LH release, as well 

as LH-β and FSH-β mRNA expression, with the exception that double injection of 

gGnIH alone does not stimulate LH-β mRNA expression.  However, pretreatment with 

gGnIH and/or simultaneous treatment with sGnRH in the double injection protocols 

inhibit the sGnRH-induced increases GTH-β mRNA levels, but not the sGnRH-

stimulated LH release.  Similarly, while serum LH levels are not affected by either single 

or double injections of gGnIH alone, nor the pituitary GH mRNA expression altered by a 

double injection of gGnIH alone, pretreatment with gGnIH in the double injection 

protocol largely inhibited the sGnRH-stimulated serum GH and pituitary GH mRNA 

responses, with the exception of the serum GH response when gGnIH and sGnRH were 

both applied in the first, as well as the second, injection.  Interestingly, differences 

between single and double gGnIH exposures alone are also revealed.  For example, while 

a single injection of gGnIH alone stimulates serum LH concentrations, LH-β and FSH-β 

mRNA levels, double injections of gGnIH alone no longer elevate LH-β mRNA 

expression in the same set of experiment (Figure 6.1).  Furthermore, a double, but not a 

single, injection of gGnIH alone elevates GH mRNA expression.  These results indicate 
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that whether gGnIH exerts a stimulatory or an inhibitory effect on gonadotrope and 

somatotrope functions depends on the context, i.e., the sequence and number of exposure, 

the presence of sGnRH, and/or the target function(s) investigated. 

Comparisons of the current findings with previous results with goldfish at a 

similar stage of gonadal recrudescence treated with similar double ip injections of gGnIH 

alone (2 injections 12 h apart), but sampled at a different time post-2nd injection (2 h post-

2nd injection, Moussavi et al., 2012, 2013; Chapters 3, 4 and 5) revealed largely 

consistent effects with only two differences.  First, while double injections with sGnRH 

alone elevated serum LH levels in this study, this effect was not observed in earlier 

studies with either a 2 h (Moussavi et al., 2013; Chapter 4) or a 12 h post-2nd injection 

sample times (Moussavi et al., 2012; Chapter 3).  Second, double injection of gGnIH 

alone did not alter serum GH or pituitary GH mRNA levels at 12 h post-2nd injection (this 

chapter), this treatment significantly decreased serum GH concentrations but enhanced 

GH mRNA expression at 2 h post-2nd injection (Chapter 5).  Similar comparisons 

between results from groups injected twice with gGnIH and sGnRH showed general 

consistencies in their effects on gonadotrope functions between results obtained at the 

12 h post-2nd injection versus those from the 2 h post-2nd injection sampling point, but 

differences in their effects on somatotrope functions.  Specifically, this combination 

treatment inhibited sGnRH-induced increase in serum GH at 2 h post-2nd injection 

(Figure 6.2) but did not affect the sGnRH-elicited response at 12 h post-2nd injection 

(Chapter 5).  These results indicate that some of the effects of gGnIH are also time-

dependent.  
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Paradoxically, while double injections of gGnIH alone and sGnRH alone each 

elevated pituitary FSH-β mRNA levels at 2 h (Moussavi et al., 2013; Chapter 4, Figures 

4.1 and 4.2) as well as 12 h post-2nd injection (Figure 6.1), double injections of gGnIH 

plus sGnRH resulted in no significant changes in FSH-β mRNA levels at both sample 

times.  These observations indicate that gGnIH and sGnRH may inhibit each other’s 

otherwise stimulatory effects when applied together, further suggesting complex 

interactions between these two neuroendocrine peptides.  How such switches in FSH 

responses are manifested is currently unknown but may involve heterologous receptor 

modulation, in which treatment of gGnIH affects GnRH receptors and vice versa (see 

Discussion Section 6.4.2 below). 

 

6.4.2 Effects on hypothalamic and pituitary expression of gGnIH and gGnIH-R, and 
pituitary GnIH-R mRNAs 

To further understand the role of gGnIH/gGnIH-R system, I have also measured 

the levels of hypothalamic gGnIH mRNA expression, as well as gGnIH-R mRNA levels 

in the hypothalamus and pituitary.  gGnIH alone, applied either in a single or a double 

exposure paradigm, as well as single injection of sGnRH alone, reduce hypothalamic 

gGnIH-R mRNA levels; in contrast, double injection of sGnRH has no effect.  

Surprisingly, the co-presence of sGnRH in both gGnIH injection applications, but not in 

the other combination treatment paradigms, reversed the inhibitory action of the double 

injection of gGnIH.  These observations indicate that gGnIH gene expression in the 

goldfish hypothalamus is under the homologous regulation by gGnIH, as well as the 

heterologous regulation by sGnRH.  In addition, interactions with other neuroendocrine 
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factors, which remains to be explored, likely participate in the complex effect of sGnRH 

on gGnIH-induced suppression of gGnIH gene expression in the hypothalamus. 

In addition to confirming that a double injection of gGnIH alone suppressed 

pituitary gGnIH-R gene expression at 12 h post-2nd injection in goldfish at late 

recrudescence as reported in Chapter 3 (Moussavi et al., 2012), results from the present 

study shows that a single exposure to gGnIH has the same effect.  However, in contrast to 

the pituitary responses, neither single nor double injection of gGnIH alone alters 

hypothalamic gGnIH-R mRNA levels.  These results indicate that the effect of 

homologous regulation of gGnIH-R by gGnIH is tissue specific. 

Results from this chapter also provide information on whether sGnRH influences 

gGnIH-R expression.  Treatment with sGnRH alone, applied in either a single or a double 

exposure paradigm, fails to modulate basal pituitary gGnIH-R expression and the 

presence of sGnRH does not modulate the inhibitory action of gGnIH on pituitary 

gGnIH-R gene expression.  On the other hand, sGnRH applied in a double, but not single, 

injection paradigm suppresses hypothalamic gGnIH-R mRNA levels.  Furthermore, 

double injection of combined gGnIH and sGnRH treatments results in an elevation of 

hypothalamic gGnIH-R mRNA expression.  These observations suggest that heterologous 

regulation of gGnIH-R gene expression by sGnRH occurs; in addition, these findings 

reveal that sGnRH effects on gGnIH-R expression are tissue specific and dependent on 

the injection protocol.  

Whether the homologous and heterologous regulation of gGnIH and gGnIH-R 

mRNA levels are the result of the direct actions of gGnIH and sGnRH, respectively, 

cannot be ascertained in the current in vivo application setting.  However, gGnIH and 
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sGnRH directly affect gonadal functions in many species.  For example in birds, GnIH 

treatment decreased testosterone secretion in vivo (Ubuka et al., 2006) and in GTH-

stimulated testis cultures in a seasonal-dependent manner (McGuire and Bentley, 2010a, 

2010b; McGuire et al., 2011).  In mice, GnIH suppresses ovarian follicle development, 

yet increases estrogen levels in vivo and inhibits progesterone secretion from ovarian 

cultures, in vitro (Singh et al., 2011).  In contrast, treatment of pig granulosa cells with 

GnIH only affects E2 levels, with no effects on progesterone secretion (Li et al., 2013).  

In human granulosa cells, GnIH treatment inhibits GTH-induced progesterone production 

by inhibiting adenylate cyclase production of cAMP (Oishi et al., 2012).  In goldfish, 

gGnIH treatment in vivo and in vitro results in altered expression of gonadal receptors 

(LH-R), steroidogenic acute regulatory protein (StAR), 3-β-hydroxysteroid 

dehydrogenase (3-β-HSD) and aromatase (CYP19) in testicular but not in ovarian tissues, 

demonstrating a sexually-dimorphic role for gGnIH in modulating gonadal development 

and steroidogenesis in fish (Qi et al., 2013b).  Interestingly, treatment with E2 or E2 in 

combination with progesterone suppresses the expression of pituitary GnIH-R in chicken 

(Maddineni et al., 2008b).  Thus gonadal feedback may participate in the regulation of 

the hypothalamus and/or pituitary GnIH/GnIH-R system, allowing for the fine-tuning of 

the HPG axis.  

GnRH is also known to modulate gonadal functions in goldfish, which are known 

to express GnRH receptors in their gonads (Pati and Habibi, 1993).  In goldfish, sGnRH 

treatment has been shown to be involved in the re-initiation of oocyte meiosis and to 

affect follicular steroidogenesis (Pati and Habibi, 1998, 2000, 2002).  I have previously 

shown that gGnIH injection is able to differentially regulate sGnRH and cGnRH-II 
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mediated gonadotrope and somatotrope function (Moussavi et al., 2013; Chapters 4 and 

5).  In addition, gGnIH injection has been shown to suppress the hypothalamic expression 

of sGnRH, but not cGnRH-II, mRNA levels indicating the ability of gGnIH to selectively 

modulate hypothalamic neuronal systems (Qi et al., 2013a).  Hence, feedback actions by 

gonadal secretions, as well as indirect actions of other neurohormones may play a role in 

these homologous and heterologous regulatory effects. 

 

 

6.5 Summary  

 At the time of these experiments, I was only able to identify and sequence a single 

gGnIH-R from the pituitary and hypothalamus of goldfish (Moussavi et al., 2012).  

However, it is now known that goldfish brains express three gGnIH-Rs (Qi et al., 2013a), 

and my primers measure what is called by Qi and colleagues gGnIH-R3 specifically (but 

for consistency, the designation gGnIH-R is still used throughout my thesis for this 

receptor isoform).  GnIH-R and GnIH-R subtypes have now been identified in many 

species from fish, birds, and mammals (Yoshida et al., 2003; Yin et al., 2005; Ikemoto 

and Park, 2005; Ubuka et al., 2008; Ubuka et al., 2009; Ubuka et al., 2009; McGuire and 

Bentley, 2010; Zhang et al., 2010; Poling et al., 2012; Li et al., 2013).  Whether and how 

gGnIH and the other two goldfish GnIH-RPs, as well as sGnRH and cGnRH-II, affect the 

expression of the gGnIH-R1 and gGnIH-R2 forms in goldfish tissues are important 

aspects to be examined in the future. 
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In summary, results from this thesis chapter provide further insight into the 

influence of a native GnIH on a teleost specific sGnRH effects on gonadotrope and 

somatotrope cell functions, in vivo in fish species.  Results reinforce the idea that in the 

goldfish, gGnIH is not a simple inhibitor of gonadotrope or stimulator of somatotrope 

functions.  My findings also lend further support to the previously established idea that 

dissociation between LH release and LH-β mRNA expression, GH release and GH gene 

expression, as well as differential modulation of LH-β and FSH-β subunit gene 

expression, can be manifested by gGnIH actions in vivo.  In addition, this is the first time 

that tissue-specific modulation of gGnIH-R is described in any species.  More 

importantly, novel complex interactions between gGnIH and GnRH are revealed in terms 

of pituitary hormone secretion and gene expression, as well as in hypothalamic gGnIH 

and gGnIH-R mRNA levels.  Furthermore, results clearly demonstrate the importance of 

hormone treatment sequence in studies in the neuroendocrine control of endocrine cell 

functions.  This is not surprising given that cells are not exposed to a constant suite 

hormonal mileau under physiological situations.  Taken together, my results suggest that 

gGnIH is an important component of the multifactorial neuroendocrine regulation of 

gonadotrope and somatotrope functions and provide the basis for future studies into the 

interactions of gGnIH and other neuroendocrine regulators on goldfish reproduction and 

growth. 
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Figure 6.1 Effects of either gGnIH, sGnRH alone and co-treatment of gGnIH and 

sGnRH on serum LH and pituitary LH-β  and FSH-β  subunit mRNA levels, in vivo 

during late recrudescence (May).  Males and female goldfish were injected twice with 

2 µg gGnIH and/or 4 µg of sGnRH in various combinations at time 0 and 12 h.  

Pituitaries and serum samples were collected at 24 h (12 h post 2nd injection).  Serum LH 

values were analyzed by RIA.  Control groups were normalized to 100 % 

(mean ± S.E.M.; controls, n = 12).  Abundance of pituitary transcripts was determined by 

QPCR.  LH-β and FSH-β mRNA values were normalized against β-actin mRNA and 

expressed relative to controls, with controls normalized to 100 % (mean  ±  SEM; n  = 10).  

Different letters denote statistical significant differences between treatment groups 

(ANOVA followed by Tukey test, P < 0.05). 
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Figure 6.2 Effect of gGnIH and sGnRH alone and co-treatment of gGnIH with 

sGnRH on serum GH and pituitary GH mRNA levels, in vivo during late 

recrudescence (May).  Male and female goldfish were injected twice with 2 µg gGnIH 

and/or 4 µg of sGnRH in various combinations at time 0 and 12 h.  Pituitaries and serum 

samples were collected at 24 h (12 h post 2nd injection).  Serum GH values were analyzed 

by RIA and control groups were normalized to 100 % (mean ± S.E.M.; n = 12).  

Abundance of pituitary transcripts was determined by QPCR.  GH mRNA values were 

normalized against β-actin mRNA and expressed relative to controls, which were 

normalized to 100 % (mean  ±  S.E.M.; n  =  10).  Different letters denote statistical 

significant differences between treatment groups (ANOVA followed by Tukey test, 

P < 0.05). 
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Figure 6.3 Effects of either gGnIH, sGnRH alone, and co-treatment of gGnIH with 

sGnRH on hypothalamic gGnIH and gGnIH-R and pituitary gGnIH-R mRNA 

expression, in vivo during late gonadal recrudescence (May).  Male and female 

goldfish were injected twice with 2 µg gGnIH and/or 4 µg of sGnRH in various 

combinations at time 0 and 12 h. Pituitaries and hypothalamic samples were collected at 

24 h (12 h post 2nd injection).  Abundance of transcripts was determined by QPCR.  

gGnIH and gGnIH-R mRNA values were normalized against β-actin mRNA and 

expressed relative to controls, with controls normalized to 100 % (mean ± S.E.M.; n =  10).  

Different letters denote statistical significant differences between treatment groups 

(ANOVA followed by Tukey test, P < 0.05). 
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 Chapter Seven: Seasonal reproductive and sexual dimorphic effects of gGnIH on 

basal and hCG-induced mRNA expression of gonadal genes involved in 

reproduction, in vitro 
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7.1 Introduction 

Goldfish are seasonal spawners and their reproductive development is thought to 

be coordinated by external influences, such as photoperiod and temperature, and their 

modulatory effects on the HPG axis (Peter et al., 1979; Blazquez et al., 1998; Trudeau et 

al., 1997; Theiry et al., 2002; Chang et al., 2009).  Seasonal changes in LH, and 

presumably FSH, is critical in regulating gonadal growth, gonadal steroid production, 

ovulation in females, and spermiation in males and hypothalamic neuroendocrine factors, 

including GnRH, dopamine, PACAP and kisspeptin, have been shown to alter LH levels 

in goldfish (reviewed in Popesku et al., 2008; Gonzalez et al., 2012).  Gonadal steroids 

and peptide hormones not only provide feedback regulatory effects at the level of the 

hypothalamus and pituitary to modulate GTH release and synthesis but also exert effects 

at the gonadal level (reviewed in Nagahama et al., 2008; Schulz et al., 2010).  Since its 

discovery, GnIH has also been shown to affect gonadal functions in many vertebrate 

species by direct gonadal actions, as well as by indirect effects through modulation of 

pituitary GTH secretion (Tsutsui et al., 2000; Sawada et al., 2002b; Zhang et al., 2010; 

reviewed in Bentley et al., 2010; Tsutsui et al., 2012; also see Chapter 1).   

The possibility that GnIH acts directly at the gonad is supported, initially, by 

several lines of anatomical evidence from investigations with birds.  These include: 1) the 

presence of GnIH and GnIH-R mRNA expression in the gonads, which also suggests that 

GnIH has autocrine/paracrine effects in this tissue (Bentley et al., 2008; Maddineni et al., 

2008a; McGuire and Bentley, 2010, 2011); 2) the presence of immunoreactive GnIH 

peptides in ovarian thecal and testicular Leydig cells, which indicates a role for GnIH in 
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the regulation of steroidogenesis (Bentley et al., 2008; Maddineni et al., 2008a); and 3) 

the presence of GnIH peptides in ovarian granulosa and testicular germ cells, which 

implicates GnIH in the regulation of gonadal oogenesis and spermatogenesis (Bentley et 

al., 2008).  In addition, GnIH-R mRNA expression was lower in ovaries from sexually 

mature chicken compared to those of sexually immature chickens, while injection of E2 

and/or progesterone in sexually immature chickens decreased ovarian GnIH-R mRNA 

expression (Maddineni et al., 2008a).  Likewise, GnIH and/or GnIH-R mRNA has been 

detected in the gonads of mammals (reviewed in Tsutsui et al., 2013), as well as testes 

and ovaries of teleosts, such as the zebrafish and goldfish (Zhang et al., 2010; Qi et al., 

2013b).  These findings are consistent with the idea that the gonadal GnIH/GnIH-R 

system participates in the regulation of gonadal functions in vertebrates in general. 

The literature also provides functional evidence for GnIH’s ability to affect 

gonadal functions in higher vertebrates (Maddineni et al., 2008a, 2008b; Zhao et al., 

2010; McGuire and Bentley, 2010b).  For example, continuous administration of GnIH 

(via osmotic pumps) reduced serum T concentrations in a dose-dependent manner, 

induced testicular apoptosis, and decreased spermatogenic activity in adult male quails, 

while it suppressed normal testicular growth but increased testosterone (T) concentrations 

in immature males (Ubuka et al., 2006).  In house sparrow testes, GnIH significantly 

reduced GTH-induced T secretion, in vitro (McGuire and Bentley, 2010); this effect was 

also confirmed in non-breeding adult European starlings (McGuire et al., 2011).  In 

female mice, treatment with high doses of GnIH (2 µg/day for 8 days) resulted in 

increased E2 levels (Singh et al., 2011).  
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Results from a recent study examining the in vitro and in vivo effects of gGnIH on 

gonadal functions in goldfish not only demonstrate an influence of gGnIH on 

steroidogenesis but also reveal sexual dimorphic responses in this species (Qi et al., 

2013b).  In particular, gGnIH implantation (5 µg/fish, blood collected from new fish 

everyday for 5 days) increased serum T levels in males continuously after the first day, 

but had no effects on serum E2 levels in females during the duration of the experiment.  

Furthermore, gGnIH injections increased mRNA expression of steroidogenic acute 

regulatory protein (StAR) and 3-β-hydroxysteroid dehydrogenase (3-β-HSD), but 

decreased aromatase (cytochrome P450 or CYP19) mRNA expression in testes with no 

effects observed in ovarian tissues (Qi et al., 2013b).  Likewise, in vitro gGnIH treatment 

increased LH receptor (LH-R), StAR, and 3-β-HSD, but not FSH receptor (FSH-R), 

mRNA expression in primary cultures of testicular cells, but had no effects on the levels 

of expression of these genes in primary culture of ovarian cells.  Given that 1) LH-R is 

important for LH-induced steroidogenesis in gonadal tissues (reviewed in Pakarainen et 

al., 2007), 2) cholesterol transfer to the inner mitochondria membrane by StAR is a rate-

limiting step in the production of steroids (reviewed in Stocco, 2000), 3) 3-β-HSD 

catalyzes the second step of steroidogenesis and is required for the synthesis of all 

steroids (reviewed in Hsu et al., 2009), and 4) CYP19 is required for the production of 

estrogens from androgens (reviewed in Callard et al., 2001), these findings provide a 

series of plausible targets by which gGnIH increases T synthesis in males while limiting 

the levels of estrogens in females.  In addition to mediating LH-induced gonadal 

steroidogenesis, LH-R availability is critical for ovulation and spermiation in all fish 
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species examined to date (reviewed in Levavi-Sivan et al., 2010).  Thus, the results by Qi 

and colleagues support a scenario in which gGnIH actions at the level of the gonads is an 

integral part of the neuroendocrine mechanisms mediating gonadal steroidogenesis and 

reproduction in the goldfish (Qi et al., 2013b).  

FSH-Rs are thought to binds in both FSH and LH, as well as to participate in the 

regulation of steroidogenesis and gametogenesis in teleosts (Garcia-Lopez et al., 2009; 

Kwok et al., 2005; Levavi-Sivan et al., 2010).  Therefore it is surprising that gGnIH did 

not alter gonadal FSH-R mRNA levels in the study by Qi and colleagues (Qi et al., 

2013b).  However, this study was performed with goldfish tissues at one stage of gonadal 

recrudescence, whether the lack of a FSH-R gene expression response to gGnIH 

treatment differs at other gonadal recrudescence stages is unknown. 

In addition to LH-R, StAR, 3-β-HSD and FSH-R, other key gonadal genes such 

as nuclear steroid receptors, activin and follistatin are also important in the regulation of 

gonadal functions and reproduction in the goldfish, and in teleosts and other vertebrates 

in general.  Gonadal steroids not only exert feedback regulatory effects on the 

hypothalamus and pituitary, they also participate in the local regulation of gametogenesis  

(reviewed in Nagahama et al., 2008; Schulz et al., 2010).  Estrogen receptor (ER) 

subtypes, ER-α, -β1, and -β2, not only mediates estrogen effects but their expression in 

the goldfish gonads are also regulated by estrogen (Choi and Habibi 2003; Nelson et al., 

2007; Marlatt et al., 2008; Nelson and Habibi, 2008; Marlatt et al., 2010).  Likewise, 

mRNA for the nuclear androgen receptor (AR), which is activated by androgens such as 

T, is also expressed in the goldfish gonads (Ellis et al., 2003).  Activin and follistatin are 
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gonadal proteins that were first identified as a specific stimulator and inhibitor of FSH 

secretion, respectively (reviewed in Bilezikjian et al., 2004).  However, the 

activin/follistatin system has also been shown to regulate reproductive functions in the 

gonads of cypriniforms, including zebrafish and goldfish (reviewed in Ge, 2000).  For 

example, activin suppresses basal and GTH-induced testosterone production, in vitro in 

goldfish (Calp et al., 2003) and enhances final oocyte maturation in zebrafish (Pang and 

Ge, 1999); whereas follistatin is thought to neutralize activin effects by binding to activin 

(Ge, 2000) and its expression in zebrafish ovarian follicular cells is increased by GTH 

(Wang and Ge, 1999). 

The effects of native GnIH in gonadal tissue of teleosts are not well studied.  To 

further understand the role of GnIH in the regulation of reproduction in teleosts in 

general, and the direct gonadal actions of GnIH in particular, I investigated the effects of 

gGnIH on basal, as well as human chorionic gonadotropin (hCG)-induced, gene 

expression in goldfish ovarian and testicular tissues in static culture.  Since commercial 

goldfish LH is not available, the LH-like hormone hCG has often been used and shown to 

effectively induce steroidogenesis, oocyte maturation, ovulation, and follistatin and 

activin A expression in teleost gonadal tissues, including goldfish and zebrafish (Stacey 

and Pandey, 1975; Trudeau et al., 1991; Wang and Ge, 2003; Targońska and Kucharczyk, 

2011).  Furthermore, hCG has a longer half life than LH, resulting in better results for 

longer static cultures (Ludwig et al., 2003). 

mRNA expression of key gonadal genes, including GnIH-R, FSH-R, LH-R, ER-

α, ER-β1, ER-β2, AR, CYP19a (gonadal aromatase enzyme), StAR, activin βA subunit, 



 

 143 

and follistatin were quantified by QPCR.   To confirm that sexual dimorphism exist (Qi et 

al., 2013b) and that seasonal reproductive effects of gGnIH exist in the gonads as has 

been shown in the pituitary and hypothalamus (Chapters 3, 4 and 5; Moussavi et al., 

2012, 2013), I examined gGnIH influences in separate cultures of testicular and ovarian 

tissues from goldfish at early (October) and mid- gonadal recrudescence (February).  

Results represent the first time the effect of gGnIH on gonadal mRNA expression of 

gGnIH-R, ER subtypes, AR, activin βA, and follistatin have been investigated in any 

vertebrate model.  In addition, this is the first time the direct effects on native GnIH on 

gonadal gene expression have been investigated in any vertebrate model at two different 

recrudescent stages.   

 

 

7.2 Materials and methods 

7.2.1 Animals 

Male and female goldfish at early (mid October) and mid- gonadal recrudescence 

(early February) were used.   

 

7.2.2 Gonadal tissue culture 

Gonadal tissues were collected from goldfish following anesthesia and cervical 

spinal transection.  Goldfish gonads were separated by sex and gonadal stage, and 

collected into 10 ml of media (M199 with Hanks salts and containing 100 U/ml 

penicillin, 100 mg/ml streptomycin; Gibco) on ice.  Tissues were washed 5 times in clean 
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media before being chopped into 1 mm by 1 mm pieces using a McIiwain tissue chopper 

with a standard table and blade.  Follicles from ovaries during mid-recrudescence were 

manually separated using forceps.  After chopping, tissues were gently washed 5 times in 

clean M199 to remove excess cell debris and/or sperm.  100 mg of gonadal tissue was 

weighed and placed into each well of a 12-well Primeria plate (BD; Mississauga, ON, 

Canada) with 2 ml of media, and allowed to settle for 2 h.  After settling, the media was 

aspirated and treatment solutions (diluted in fresh media as described in Chapter 2, 

Section 2.1) were then added to the appropriate well and the tissues were allowed to 

incubate overnight for 12-h in ambient air and at room temperature.  gGnIH was tested at 

final concentrations of 10 and 100 nM, and hCG at 10 IU/ml, a dose that has previously 

been shown to stimulate T and E2 release and production in vitro (Kagawa et al., 1984; 

Van Der Kraak, 1990a, 1990b).  Post-incubation, media was aspirated and tissues treated 

with TRIzol, for RNA extraction and QPCR analysis, as described in Chapter 2, Sections 

2.4.1 and 2.4.2. Statistical analysis was conducted using two-way ANOVA.  When two-

way ANOVA results indicated significant interactions, multiple comparisons of single 

factors were made by one-way ANOVA as mentioned in Chapter 2, Section 2.6.   
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7.3 Results 

7.3.1 Effects of gGnIH on basal and hCG-induced changes in gonadal gGnIH-R, FSH-R, 
and LH-R mRNA expression in goldfish, in vitro 

To elucidate the role of gGnIH in the control of gonadal functions, I first 

examined the in vitro effects of gGnIH alone and in combination with hCG on gGnIH-R, 

FSH-R, and LH-R mRNA levels in goldfish ovarian and testicular tissue culture at two 

different stages of gonadal recrudescence (early and mid) (Figures 7.1 − 7.3). 

gGnIH-R mRNA.  Treatment with gGnIH alone caused significant increases in 

gGnIH-R mRNA levels in ovarian, but not in the testicular, tissues at both reproductive 

states; in contrast, hCG treatment alone had no significant effects (Figure 7.1).  However, 

co-treatment significantly reduced the ovarian gGnIH-R mRNA expression in response to 

both 10 and 100 nM gGnIH at mid-recrudescence (Figure 7.1, left panels), resulting in a 

significant interaction between these two hormone treatments (summarized in Table 7.1).  

Significant interaction was also observed between hCG and gGnIH treatment in early 

recrudescent ovarian tissues (Table 7.1).  Combination treatments with hCG and gGnIH 

did not alter gGnIH-R mRNA expression in testicular tissues at mid- recrudescence, 

however co-application of hCG and 100 nM gGnIH elevated gGnIH-R expression in 

testicular tissues at early recrudescence, which statistically indicated interaction between 

these two hormones (Figure 7.1, right panels; Table 7.1). 

FSH-R mRNA.  Treatment with 100 nM gGnIH consistently increased FSH-R 

mRNA levels in testicular tissues obtained from both early and mid-recrudescent fish and 

10 nM gGnIH also elevated FSH-R expression in ovarian tissues from fish at mid-

recrudescence (Figure 7.2).  hCG application alone also significantly increased FSH-R 
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mRNA expression in both the ovarian and testicular tissues at both early and mid-

recrudescent stages.  Interestingly, gGnIH treatment, especially at the 100 nM dose, 

consistently reduced hCG-induced elevations in FSH-R mRNA levels in ovarian and 

testicular tissue cultures to levels not significantly different from controls at both 

recrudescent stages, indicating statistically significant interaction between gGnIH and 

hCG (Figure 7.2 and Table 7.1). 

LH-R mRNA.  Except for the 100 nM gGnIH treatment in testicular tissue cultures 

at early recrudescence, exposure to gGnIH alone did not significantly elevate LH-R 

mRNA levels in primary cultures of goldfish ovarian and testicular tissue (Figure 7.3).  

On the other hand, hCG increased LH-R mRNA expression in testicular tissues from 

males at mid-recrudescence and ovarian tissues from females at early recrudescence 

(Figure 7.3).  Combined hCG and gGnIH treatments did not alter LH-R mRNA 

expression in ovarian tissues prepared from females at mid-recrudescence (Table 7.1) but 

reduced the stimulatory effects of hCG on LH-R mRNA expression in ovarian tissues at 

early recrudescence and in testicular tissues at mid recrudescence, as well as that of 

100 nM gGnIH in testicular tissues in early recrudescence, resulting in statistically 

significant interaction between gGnIH and hCG (Figure 7.3 and Table 7.1). 

 

7.3.2 Effects of gGnIH on basal and hCG-induced changes in gonadal ER-α, ER-β1, ER-
β2, and AR mRNA expression in goldfish, in vitro  

 To elucidate the role of gGnIH in the control of gonadal functions, I also 

examined the effects of gGnIH alone and in combination with hCG, on gonadal steroid 



 

 147 

nuclear receptor mRNA expression using goldfish ovarian and testicular tissue cultures at 

two different stages of gonadal recrudescence (early and mid) (Figures 7.4 – 7.7). 

ER-a mRNA.  Treatment with gGnIH alone caused a significant increase in ERα 

mRNA levels in ovarian tissues, but not in testicular tissues at both recrudescent stages 

(Figure 7.4).  Treatment with hCG alone had no effect on ER-α mRNA levels in 

testicular tissues at early and mid-recrudescence, as well as ovarian tissues at mid-

recrudescence; however it resulted in a significant decrease ovarian tissue steady state 

expression of ER-α mRNA at early recrudescence (Figure 7.4 and Table 7.1).  

Combination treatment of gGnIH with hCG significantly reduced ER-α mRNA levels in 

testicular tissues obtained mid-recrudescent males relative to controls, which also 

demonstrated a statistically significant interactions between these hormones (Figure 7.4, 

right panels; Table 7.1).  In ovarian tissues from mid-recrudescent females, further 

interactions between hCG and gGnIH were observed, with hCG reducing the gGNIH-

mediated increase in ER-α mRNA back to near control levels (Figure 7.4 and Table 7.1).  

ER-β1 mRNA.  Treatment with gGnIH alone did not alter ER-β1 mRNA levels in 

testicular tissues from males at either early or mid-recrudescence, as well as in ovarian 

tissues from females at mid-recrudescence (Figure 7.5).  In contrast it resulted in a dose-

dependent increase in ER-β1 mRNA expression in ovarian tissues prepared from females 

at early recrudescence (Figure 7.5, upper left panel).  Treatment with hCG alone resulted 

in no changes in ER-β1 mRNA expression in ovarian and testicular tissues at either stage 

of gonadal recrudescence (Figure 7.5).  However, the presence of hCG reduced the 

elevation in ER-β1 mRNA expression in response to 100 nM gGnIH in ovarian tissues at 
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early recrudescence resulting in a statistically significant interaction (Figure 7.5, upper 

panels and Table 7.1).  Combination of hCG and 100 nM gGnIH resulted in a significant 

increase in ER-β1 mRNA level in testicular tissues at early recrudescence, although no 

statistically significant interaction occurred in testis at this stage (Figure 7.5, upper panels 

and Table 7.1). 

ER-β2 mRNA.  In ovarian and testicular tissues at either early or mid- 

recrudescence, treatment with gGnIH alone did not significantly alter ER-β2 mRNA 

levels (Figure 7.6).  hCG alone treatment similarly had no effects on ER-β2 mRNA 

expression in testicular tissues at early and mid-recrudescence, as well as in ovarian 

tissues at early recrudescence (Figure 7.6).  In contrast, application of hCG alone resulted 

in a significant decrease in steady state ER-β2 mRNA levels in ovarian tissues prepared 

from mid-recrudescent females, which was no longer observed with the addition of 

gGnIH (Figure 7.6, lower panel).  Co-treatment of hCG with gGnIH generally did not 

alter ER-β2 mRNA expression in the testicular tissues, but the combination of 100 nM 

gGnIH with hCG significantly increased ER-β2 mRNA expression in testicular tissues 

relative to untreated controls during early recrudescence (Figure 7.6, upper right panel).  

However, gGnIH co-application with hCG did not result in statistically significant 

hormone interaction in ovary or testis of early or mid recrudescent fish (Table 7.1). 

AR mRNA.  Treatment with gGnIH alone only affected AR mRNA levels in 

testicular tissues at early gonadal recrudescent stage, with no effect in testis at mid, or 

ovary at either gonadal stage (Figure 7.7).  The only significant effect of treatment with 

hCG alone was an increase AR mRNA expression in ovarian tissues at early 
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recrudescence, which was reduced to levels not different from untreated controls with the 

addition of gGnIH (Figure 7.7, upper left panel).  Additionally, gGnIH treatment in 

combination with hCG resulted in statistically significant interaction only in early 

recrudescent ovaries, in which the addition of gGnIH inhibited the hCG-mediated 

increase in AR mRNA expression (Figure 7.7 and Table 7.1).   

 

7.3.3 Effect of gGnIH on basal and hCG-induced changes in gonadal CYP19a, and StAR 
mRNA expression in goldfish, in vitro  

 To elucidate the role of gGnIH in the control of steroidogenic function of the 

gonadal tissues, I examined the effects of gGnIH, alone and in combination with hCG, on 

CYP19a and StAR mRNA expression (Figures 7.8 and 7.9). 

CYP19a mRNA.  Applications of gGnIH alone had no significant effects on 

CYP19a mRNA expression in ovarian or testicular tissues obtained from early 

recrudescent fish, as well as ovarian tissues from females at mid-recrudescence; however, 

10 nM gGnIH elevated CYP19a gene expression in testicular tissues at mid-

recrudescence (Figure 7.8).  Likewise, treatment with hCG alone only affected CYP19a 

expression in testicular tissues at mid-recrudescence where it increased CYP19a 

expression (Figure 7.8, lower right panel).  On the other hand, the combined treatment of 

100 nM gGnIH with hCG resulted in a significant elevation in CYP19a mRNA levels in 

testicular tissues during early recrudescence, and a reduction of the gGnIH- or hCG-

induced elevation of CYP19a levels to values not different from those in untreated 

controls in testicular tissues obtained from males at mid-recrudescence (Figure 7.8, right 

panels).  Interestingly, the combination of gGnIH with hCG resulted in statistically 
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significant interaction in both mid recrudescent ovaries and testis, with hCG inhibiting 

the gGnIH-mediated increase in CYP19a mRNA expression in ovarian tissue fragments, 

but gGnIH inhibiting the hCG-mediated increase in CYP19a (Table 7.1). 

StAR mRNA.  Treatment with gGnIH alone significantly stimulated StAR mRNA 

expression in ovarian, but not testicular, tissues and only at early recrudescence (Figure 

7.9).  Conversely, application of hCG alone significant elevated steady state StAR 

mRNA levels in testicular, but not ovarian, tissues and only at early recrudescence 

(Figure 7.9).  This effect of hCG on testicular tissues at early recrudescence was not 

affected by co-application of gGnIH, and statistical analysis indicated no significant 

interaction at this stage (Figure 7.9 and Table 7.1).  Treatment of either early 

recrudescent ovary or testicular tissue with gGnIH and hCG simultaneously resulted in a 

statistically significant interaction between the two hormones as it prevented the gGnIH-

mediated increase in StAR mRNA expression (Figure 7.9 and Table 7.1).  Co-treatment 

of either ovarian or testicular tissues at mid-recrudescence with gGnIH and hCG did not 

result in changes in StAR mRNA expression (Figure 7.9, lower panels; Table 7.1).   

 

7.3.4 The effect of gGnIH on basal and hCG-induced gonadal activin βA subunit, and 
follistatin mRNA expression in goldfish, in vitro  

 As a first attempt to elucidate the influence of gGnIH on the paracrine/autocrine 

regulation of the gonads by gonadal peptide hormones, I examined the effects of gGnIH 

alone and in combination with hCG, on activin βA subunit and follistatin mRNA 

expression (Figures 7.4 – 7.7).   
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 Activin βA mRNA.  gGnIH treatment resulted in significant increases in activin 

βA subunit mRNA expression in ovarian and testicular tissues obtained from goldfish at 

early recrudescence, but not from fish at mid-recrudescence (Figure 7.10).  In contrast, 

hCG treatment caused significant elevations in activin βA mRNA levels in testicular 

tissues at early recrudescence, as well as in ovarian tissues at either early or mid-

recrudescence (Figure 7.10).   In testicular tissues obtained from males at early 

recrudescence, the combination treatment of 100 nM gGnIH with hCG further elevated 

activin βA mRNA levels above those observed with gGnIH or hCG alone (Figure 7.10, 

upper panel), although there was no statistical significant interaction between these two 

hormones at this stage (Table 7.1).  However co-application of gGnIH with hCG reduced 

the hCG-induced increase in activin βA mRNA expression in both ovarian and testicular 

tissues at mid–recrudescent and resulted in significant interactions between the two 

hormones with hCG inhibiting the gGnIH-mediated increase in activin βA mRNA levels 

(Figure 7.10, lower panels; Table 7.1).  

 Follistatin mRNA.  gGnIH treatment alone had no effects on follistatin mRNA 

levels in ovarian tissues at mid recrudescence, as well as  testicular tissues at either early 

or mid-recrudescence, but resulted in a dose-dependent increase in follistatin mRNA 

expression in ovarian tissues during early recrudescence, which was reversed by the co-

application of hCG (Figure 7.11 and Table 7.1).  In contrast hCG treatment alone only 

elevated follistatin mRNA levels in ovarian tissues at mid-recrudescence, but not in early 

recrudescence and testicular tissues at either early or mid-recrudescence (Figure 7.11).  

Interestingly, co-application with gGnIH reduced the stimulatory effects of hCG in 
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ovarian tissues at mid-recrudescence to levels not different from untreated controls 

(Figure 7.11, lower right panel; Table 7.1), but elevated follistatin mRNA levels in 

testicular tissues in early recrudescence to levels significantly greater than untreated 

controls, as well as treatments with either hormones alone (Figure 7.11, upper panel, 

Table 7.1).  Interestingly, the resulting affects on follistatin mRNA expression due to co-

application of hCG and gGnIH demonstrated statistically significant interaction for both 

ovarian and testicular tissue, and at both gonadal recrudescent stages (Table 7.11). 

 

7.4 Discussion 

Results from this thesis chapter represents the first time in which the functional 

significance of the presence of gGnIH-R in, as well as the interactions of GnIH and a LH-

like gonadotropin on, the ovaries and testes of lower vertebrates such as goldfish is 

explored and compared at two stages of the gonadal recrudescence.  Results provide 

insight into the direct gonadal level control of multiple aspects of gonadal functions, 

including the regulation of expression of genes important for mediating responses to 

pituitary gonadotropins and locally produced gonadal steroids and peptide hormones, as 

well as genes involved in steroidogenesis, by gGnIH as well as LH (hCG).  These 

findings also provide information that contributes to our understanding of how these 

endocrine-related changes may relate to the function(s) of the HPG axis in male and 

female goldfish during the initiation and early stages of seasonal gonadal regrowth.  

Although some of the results presented in this chapter are markedly different when 

compared to previously published work by Qi and colleagues (2013b), these differences 
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may be due the fact that oocytes were sorted by size in this investigation, resulting in 

different paracrine/autocrine effects.   

 

7.4.1 Regulation of gGnIH-R expression 

In goldfish, GnIHR1 and GnIHR2 mRNA exist in follicles containing oocytes that 

have not entered vitellogenesis and in the interstitial tissue of non-spermiating testes (Qi 

et al., 2013b).  GnIHR3 (gGnIH-R) was not detected via in situ hybridization in the 

gonads of either sex in these experiments (Qi et al., 2013b).  However, using QPCR in 

this study, I was able to detect gGnIH-R during both early and mid- gonadal 

recrudescence in ovarian and testicular tissues.  Since the primer used in this study is 

specific for gGnIH-R (GnIHR3), whether GnIHR1 and GnIHR2 are present in goldfish 

testicular and ovarian tissues at early and mid- gonadal recrudescence cannot be 

confirmed.  None-the-less, given that QPCR is likely more sensitive than in situ 

hybridization in detecting the presence of messages, these observations, when taken 

together, suggest possible differences in receptor levels at various times of the gonadal 

recrudescent cycle.  Interestingly, basal expression of gGnIH-R is lower in both ovarian 

and testis tissue during mid recrudescence, when compared to early gonadal 

recrudescence (Table 7.2).  This finding is also supported by studies demonstrated 

decreased GnIH-R expression in sexually mature female chickens (Maddineni et al., 

2008a).  This finding suggests that although basal hypothalamic gGnIH-R mRNA levels 

do not change (Chapter 4, Figure 4.2), its expression is 1) seasonally-dependent and 2) 

sexually-dimorphic in the gonads of goldfish (Table 7.2). 
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My results indicate that gGnIH elevates gGnIH-R mRNA levels in ovarian tissue 

but not testis at both early and mid- recrudescent stages.  This is the first time that GnIH 

administration has been shown to alter GnIH-R in the gonads of any vertebrate, as well as 

the first time that sex-dependent differences in the control of GnIH-R expression has 

been observed in teleosts.  Interestingly, although hCG does not affect basal gGnIH-R 

mRNA expression in testicular and ovarian tissues, hCG reduces the ability of the high 

100 nM dose of gGnIH to increase gGnIH-R levels in ovarian tissues at early 

recrudescence, and together with 100 nM gGnIH results in a stimulation of gGnIH-R 

mRNA expression in testicular tissues at early recrudescence.  These observations 

indicate that in addition to homologous regulation by gGnIH, gonadal expression of 

gGnIH-Rs are also subject to modulation by pituitary GTHs in both sex- and reproductive 

stage-specific manners in the goldfish.  In female pigs, gGnIH mRNA expression was 

shown to negatively correlate with GnIH-R mRNA expression in ovarian tissues at 

various stages of the estrous cycle (Li et al., 2012).  Furthermore, it was interesting to 

note that at the higher gGnIH dose (100 nM), the gGnIH-induced effects were slightly 

lower, indicating a possibility of overlapping specificity at higher doses.  Whether this 

overlapping specificity occurs within the three different gGnIH-R subtypes due to 

differences in subtype binding affinities, or involvement of other heterologous receptors 

is not clear and remains to be elucidated.  The mechanisms by which gGnIH and hCG 

increase the expression of gGnIH-R, and whether changes in gGnIH-R mRNA results in 

changes in gGnIH-R receptor protein expression at the plasma membrane remain to be 

elucidated. 



 

 155 

To further understand the possible role of gGnIH and GnIH-Rs at the level of the 

gonads it would be of importance in future studies to ascertain whether GnIHR1 and 

GnRHR2 expression also changes with reproductive stages in the goldfish testis and 

ovary and how their expression levels are influenced by gGnIH and/or GTH treatments.  

Additionally, it would be important to know whether these GnIH-R subtypes have 

different binding affinities.  Furthermore, since goldfish ovaries exhibit asynchronous 

development, follicles of a range of development are present at the same recrudescence 

period (de Vlaming, 1983).  Comparison of GnIH-R expression by QPCR in isolated 

follicles of different maturational stages may be useful in elucidating the possible 

importance of GnIH at more defined stages of ovarian maturation. 

 

7.4.2 GTH receptors 

In vertebrates including goldfish, the availability of FSH-Rs and LH-Rs in the 

gonads is critical for pituitary LH and FSH to exert their influences on steroidogenesis, 

gamete development, and reproduction (reviewed in Levavi-Sivan et al., 2010).  In 

zebrafish ovaries, ovarian FSH-R gene expression increases as the pre-vitellogenic 

oocytes enter the early vitellogenic growth phase, peaking at mid-recrudescence, and 

decreasing once the oocytes have fully matured (Kwok et al., 2005); similar results are 

also observed in sea bass (Rocha et al., 2007).  Similarly, FSH-R gene expression in the 

testis of salmonids and sea bass shows moderate increases during the beginning of 

recrudescence but later increases significantly and consistently with spermiation events at 

late gonadal recrudescence (rainbow trout, Kusakabe et al., 2006; Atlantic salmon, 

Maugars and Schmitz, 2006, 2008; sea bass, Rocha et al., 2009).  In female zebrafish, 
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FSH-R expression detected in low levels in the immature ovary, with levels steadily 

increasing through recrudescent development, until maximum expression was reached 

during mid recrudescence (Kwok et al., 2005).  In yellowtail, trout, and Atlantic salmon, 

increased FSH-R expression is seen between early and mid-spermatogenesis, with 

maximal expression reached at spermiation (Rahman et al., 2003; Kusakabe et al., 2006; 

Maugars and Schmitz, 2008).  On the other hand, LH-R is barely detectable in the 

immature ovary and its expression began increasing during mid-recrudescence, with 

maximal expression during late recrudescence, when follicles were fully grown (Kwok et 

al., 2005).  This finding suggests that LH-R gene expression is correlated with the 

spawning and spermiation process in zebrafish, whereas FSH-R is correlated with the 

initial stages of folliculogenesis and gonadal recrudescence (reviewed in Levavi-Sivan et 

al., 2010).  In this current study, basal expression of FSH-R and LH-R were also found to 

be higher in mid-recrudescent ovary and testis, confirming previous findings in other 

teleost species (Kwok et al., 2005; Kusakabe et al., 2006; Maugars and Schmitz, 2006, 

2008; Rocha et al., 2007, 2009) 

My thesis findings indicate that gonadal expression of FSH-R and LH-R mRNAs 

in goldfish is differentially modulated by gGnIH and in a sex-specific manner.  Treatment 

with gGnIH increases FSH-R mRNA levels in the goldfish testicular tissues at both early 

and mid-recrudescence; however, gGnIH treatment, and only at the 100 nM, increases 

FSH-R mRNA at ovarian tissues at mid-recrudescence.  In contrast, except for an 

elevation of LH-R mRNA levels in testicular tissues at early recrudescence by the 

100 nM dose, gGnIH does not affect LH-R mRNA expression.  These results on the 

preferential enhancement of FSH-R gene expression indicate that gGnIH can enhance the 
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sensitivity of gonadal tissues to FSH and thus exert positive influences on the initiation of 

gametogenesis in male goldfish, as well as the maintenance of gametogenesis in both 

males and females at mid-recrudescence.  

Interestingly, hCG treatment also increase FSH-R mRNA levels in male and 

female goldfish gonadal tissues at both recrudescent stages but the combination treatment 

of hCG and gGnIH generally attenuates the stimulatory effects exerted by either of these 

hormones alone.   Similar effects of combinational treatment are also observed as hCG-

induced LH-R mRNA expression in ovarian tissues in early recrudescence and testicular 

tissues in mid-recrudescent testis are attenuated by the addition of gGnIH.  These 

observations not only suggest that GTH can upregulate gonadal GTH-R expression in 

male and female goldfish but that interactions with gGnIH negatively modulates these 

effects in a seasonal reproductive stage-dependent fashion.  hCG action is thought to 

more closely mimic LH, rather than FSH, activity in fish (Pakarainen et al., 2007) and 

application of hCG may reflect a scenario of increasing LH influence at later stages of 

gonadal maturation.  In view of this, the suppressive effect of the combinational 

treatment on FSH-R gene expression may provide a mechanism by which the influence 

of FSH is attenuated at later stages of gonadal maturation when LH effects become more 

prominent while the effects of the combinational treatment on LH-R gene expression is 

consistent with the idea that gGnIH generally reduces/limits the sensitivity of the goldfish 

gonads to LH at early and mid-recrudescence. 

 

7.4.3 Estrogen nuclear receptors 

In goldfish, three nuclear ER subtypes have been identified, ER-α, ER-β1, and 
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ER-β2 (Tchoudakova et al., 1999; Ma et al., 2000; Choi and Habibi, 2003) and this thesis 

chapter confirms the presence of all three receptor subtypes in gonadal tissues from male 

and female goldfish during early recrudescence (Choi and Habibi, 2003) as well as 

provides relative expressions for their presence in mid recrudescence.  Previous work in 

our lab has shown that ER-α and ER-β2 expression is low in the gonads with ER-β1 

having highest expression in the testis during early recrudescence (Choi and Habibi, 

2003). These findings were further confirmed in this current study, with ER-β1 mRNA 

expression higher in ovary and testis during both gonadal stages (Table 7.2).  

Furthermore, there were slight differences in the expression of each ER subtype between 

early and mid gonadal stages, with a general trend for ER-β1 mRNA expression being 

lower in mid recrudescent gonads (Table 7.2). 

Estrogens, such as E2, work in part through these ERs to regulate the 

development and maintenance of reproductive organs, induce vitellogenesis in hepatic 

tissue, as well as other non-reproductive functions (reviewed in Heldring et al., 2007).  

Furthermore, it is now known that E2 increases mRNA expression of all three ER 

subtypes (Nelson et al., 2007).  It is believed that all three receptors are required for 

estrogen-mediated responses, and the three ER subtypes may hetero-dimerize, although 

the latter has not been investigated in fish (Nelson and Habibi, 2010).  Results in this 

thesis chapter represents the first time that direct gGnIH effects on ER expression in the 

gonadal tissues have been reported for fish, as well as in other vertebrates.  gGnIH 

increases ER-α and ER-β1, but not ER-β2, mRNA expression in ovarian tissues.  

Although the exact roles of the three ER isoforms and the detailed significance of the 
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differential modulation of these receptor isoforms by gGnIH are not know, the gGnIH-

induced changes likely increase the sensitivity of the ovarian tissues to circulating 

estrogens such as E2 at early and mid-recrudescence.  These effects of gGnIH may allow 

a more effective yolk formation/incorporation response in conjunction with FSH 

stimulation (see Section 7.4.2 above) at these gonadal developmental stages.  On the 

other hand, hCG application suppresses ER-α1 and ER-β2 mRNA in ovarian tissues at 

early and mid-recrudescence, respectively, and reversed the gGnIH-induced increase in 

ER-β1 mRNA expression at early recrudescence, suggesting the LH negatively affects 

some estrogen actions on ovarian functions at these recrudescent stages. 

Interestingly, neither gGnIH nor hCG, when treatment alone, affects testicular ER 

mRNA expression at early, as well as mid-, recrudescence.  However, the combination of 

hCG with gGnIH increased expression of both ER-β1 and ER-β2 in the testicular tissues 

at early recrudescence.  These results suggest that co-exposure to gGnIH and LH 

increases the sensitivity of testicular tissues at early recrudescence to estrogens.  Since 

the effects of T are sometimes mediated by aromatization to E2, this change in sensitivity 

to estrogen may play a role in the initiation of spermatogenesis and testicular maturation, 

although this still needs to be confirmed.  

 

7.4.4 Androgen nuclear receptors 

Androgens also play an essential role in sex differentiation, sexual maturation, 

and spermatogenesis in vertebrates by binding to ARs (reviewed in Martynuik and 

Denslow, 2012).  Furthermore, AR expression is sexually dimorphic and dependent on 

stage of gonadal development in sea bass (Blazquez and Piferrer, 2005).  In mice, AR-
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knockdowns disrupt spermatogenesis in males, and reduce follicular health and ovulation 

in females (Walters et al., 2010).  Results in this thesis chapter confirm the presences of 

AR in both ovarian and testicular tissues in goldfish at early and mid-recrudescence 

(Wells and Van der Kraak, 2000) and provide insight into the direct effects of GnIH on 

gonadal AR expression for the first time in any vertebrates.  In goldfish, gGnIH treatment 

alone has no effect on AR mRNA expression in gonadal tissues at early or mid 

recrudescence.  However, hCG increases in AR mRNA expression in early recrudescent 

females, and this response to hCG is inhibited by the addition of gGnIH.  In contrast, 

combination treatment of gGnIH with hCG elevates the expression of AR mRNA in 

testicular tissues at early recrudescence.  How the combined hCG and gGnIH treatment 

results in these sexually dimorphic differences in sensitivity to androgens remains to be 

investigated.  Nevertheless, these observations are consistent with the hypothesis that 

gGnIH modulates LH actions on gonadal AR gene expression by direct action at the level 

of gonadal tissues and may play a role in the regulation of the initiation of gametogenesis 

at early gonadal recrudescence. 

 

7.4.5 Steroidogenic pathway genes 

The StAR protein transports cholesterol to inner membrane of the mitochondria, 

in steroidogenic cells and this process is rate-limiting as it controls the availability of 

cholesterol for the first enzymatic step in steroid synthesis (Clarke and Stocco, 1995).  In 

this study, basal expression of StAR increased in both ovary and testis tissues in mid 

recrudescence, when compared to early recrudescent gonads (Table 7.2).  Interestingly, 

gGnIH treatment elevates StAR mRNA expression in ovarian tissues from early 
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recrudescent female goldfish, when basal levels are lower, at the stage at which female 

gonadal steroid levels are increasing (Kagawa et al., 1983).  Together, this finding 

suggests that gGnIH may be involved in increasing the steroidogenic capabilities of 

ovarian tissues during entrance into and/or at the early phase of recrudescence.  However, 

this effect is both sex- and recrudescent stage-dependent as gGnIH treatment does not 

alter StAR mRNA expression in ovarian tissues at mid-recrudescence and in testicular 

tissues at early and mid-recrudescence.   In testicular tissues obtained from early 

recrudescent goldfish, hCG-treatment also induces StAR mRNA expression, which is not 

altered with the addition of gGnIH.  However, the presence of hCG does not alter StAR 

gene expression in testicular tissues at mid-recrudescence and ovarian tissues at both 

early and mid-recrudescence.  These results are supported by previous studies in Atlantic 

croaker, as 24 h (but not 6 h) treatment with hCG was able to stimulate StAR expression 

in ovarian follicles, but neither treatment time effected StAR expression in testis tissues, 

suggesting a time-, sex-, and specie- dependent differences in hCG-induced effects 

(Nunez and Evans, 2007).  These current results provide a mechanism by which LH may 

enhance the steroidogenic capacity in males at early recrudescence.  In addition, it 

appears that during mid- gonadal recrudescence, when the level of gonadal 

steroidogenesis is already higher, gGnIH and LH have less of an effect in altering StAR 

mRNA expression. Whether this gene is no longer under the control of gGnIH and LH at 

later stages of gonadal recrudescence remains to be examined.  

CYP19a or aromatase, converts androgens to estrogens (Simpson et al., 1994) and 

is thus essential for the formation of estrogens as well as for some of the cellular actions 

of aromatizable androgens (Pasmanik and Callard, 1988; Simpson et al., 1994).  In this 
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study, compared to gonads from early gonadal recrudescence, basal CYP19a mRNA 

expression was slightly higher in ovaries and slightly lower in testis during the mid 

recrudescent stage.  In female zebrafish, expression levels of StAR increase during later 

stages of vitellogenesis (Nakamura et al., 2005).  Treatment with either gGnIH alone or 

hCG alone elevates CYP19a mRNA expression in testicular tissues at mid- but not at 

early recrudescence and has no effects on CYP19a expression in ovarian tissues in either 

early or mid-recrudescence.  Interestingly at early recrudescence, the co-application of 

hCG and gGnIH lowers CYP19a expression in ovarian tissues but elevates it in testicular 

tissues, while this combined treatment attenuates the increases in CYP19a levels in 

response to either of these hormone alone in testicular fragments at mid-recrudescence.  

These results suggests that in both male and female gonads, CYP19a expression can be 

regulated by gGnIH in conjunction with LH, which would potentially affect the estrogen 

to androgen ratios, or at least estrogen levels in a sex and reproductive stage-specific 

manner.  The suppressive effect of the combination treatment in ovarian tissues may be 

one of the regulatory mechanisms limiting the rate of production and increase in serum 

E2 in females at early gonadal recrudescence.  At this stage of early gonadal 

recrudescence, the combination of gGnIH and LH/hCG effect on increasing CYP19a 

expression in testicular tissues may serve to enhance local conversion of T to E2 and 

facilitate estrogen-dependent androgen actions, such as increase expression of genes 

required for steroidogenesis, promoting spermatogonial stem cell renewal, and supporting 

spermatogenesis (Schulz et al., 2010; Hess, 2003).  More specifically, E2 administration 

is shown to increase expression of StAR, CYP19, and 3-β-HSD as well as decrease 

expression of anti-müllerian hormone in teleosts  (reviewed in Schulz et al., 2010), 
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although high levels of E2 may lead to sterility in male salmonids (Lahnsteiner et al., 

2006).   Furthermore, at least in the goldfish brain, increased expression of CYP19 was 

correlated with higher aromatase levels (Pasmanik and Callard, 1988).  In contrast in 

mid-recrudescence, the combined effects of gGnIH and LH and the resulting suppression 

of CYP19a would favour classical actions of non-aromatizable androgens on testicular 

tissues.  For example in fish, the non-aromatizable androgen 11-ketotestosterone (11-KT) 

is known to be more effective than T in inducing spermatogenesis and secondary sexual 

characters in fish (Borg, 1994; Young et al., 2005; Leet et al., 2011).  Furthermore, levels 

of 11-KT have been found to peak in the prespawning stage of many teleosts and its 

seasonal fluctuations are often asynchronous with T levels (reviewed in Borg, 1994). 

 The above results on StAR and CYP19a expression are not in agreement with the 

report by Qi and colleagues, as they reported that gGnIH treatment increased StAR 

expression in goldfish testicular cell cultures (Qi et al., 2013b).  Although these authors 

reported that the female goldfish used were vitellogenic, no information was provided on 

the gonadal recrudescent status for the males.  However, my results support their 

observation that gGnIH did not alter StAR mRNA expression in mid gonadal 

recrudescence ovaries (Qi et al., 2013b).  The observed differences between my findings 

and this previous report may be due to dissimilarities in gonadal recrudescent status of 

the donor fish, and/or differences between dispersed gonadal cell cultures and the 

gonadal tissue fragments systems, in which some organizational structures between 

different cell types would still be maintained in the latter system. 
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7.4.6 Activin and follistatin 

As reviewed in the introduction (Section 7.1) the activin/follistatin system is 

believed to be involved in the autocrine/paracrine regulation of gonadal function in 

addition to differentially modulating pituitary LH and FSH gene expression (Ge, 2000).  

Results from this study provide, for the first time in any vertebrate system, information 

on the direct effects of gGnIH on this system.  In addition, although the ability of hCG to 

enhance follistatin (Shukovski et al., 1995) and activin A (Hua et al., 2008) gene 

expression in ovarian tissues has previously reported for mammals but these results are 

the first report of combined treatments with gGnIH and hCG on gonadal gene expression 

in any vertebrate species.   

In ovarian tissues at both early and mid-recrudescence, the effects of gGnIH 

and/or hCG treatments on activin and follistatin gene expression are identical.  Treatment 

with gGnIH alone increases activin βA and follistatin mRNA expression in early 

recrudescence while treatment with hCG alone elevates activin βA and follistatin mRNA 

in mid-recrudescence.  Interestingly, these responses to either hormone alone are reversed 

in the combination treatments of gGnIH and hCG.  Since follistatin antagonizes activin 

action by binding to activin, these observed alterations in follistatin and activin βA gene 

imply that the effectiveness of activin on the ovary and/or pituitary of female goldfish in 

early and mid-recrudescence are tightly modulated, or limited, by similar changes in 

follistatin. 

Interestingly in this study, expression of activin βA was higher in mid 

recrudescent ovary, but lower in mid recrudescent testis, when compared to their 

expression levels at early gonadal stage (Table 7.2).  In contrast, the basal expression of 
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follistatin was higher in both ovary and testis during early recrudescence (Table 7.2).  

Furthermore, testicular changes in activin βA and follistatin mRNA levels in response to 

gGnIH alone and gGnIH plus hCG treatments do not totally occur in parallel, in contrast 

to ovarian tissues.  This finding suggests reproductive stage-dependent patterns of 

hormone treatment effects on the expression of these two genes also differ between the 

two tissues.  Treatment with gGnIH alone only elevates activin βA, but not follistatin, 

mRNA expression in testicular tissues and this stimulation is only seen at early 

recrudescence.  On the other hand, treatment with hCG alone elevates activin βA, but not 

follistatin, expression in testicular tissues at both early and mid-recrudescence.  

Surprisingly at early recrudescence, combination treatment with gGnIH and hCG leads to 

further enhancement of the stimulatory response of activin βA relative to those to either 

hormone alone as well as an elevation in follistatin expression.  Furthermore, the 

presence of gGnIH attenuated the ability of hCG to stimulate activin βA expression in 

testicular tissues at mid-recrudescence.  Thus, these observations also indicate that 

gGnIH and hCG can either up or down regulate each other’s effects on the expression of 

these gonadal peptide hormones in a reproductive stage-specific manner.  How these 

gGnIH/hCG-induced changes in activin βA and follistatin gene expression affect the 

HPG axis in male goldfish needs further investigation but the ability of the presence of 

gGnIH to reverse the stimulatory effect of hCG on activin βA expression in testicular 

tissues at mid-recrudescence without affecting follistatin mRNA levels may allow activin 

to act more effectively in male goldfish at this time of the reproductive season.  

Furthermore, the ability of hCG to increase follistatin levels in the ovary and testis may 
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provide a mechanism in which GTH-like treatment rescues the goldfish testis from 

apoptosis inducing signals such as GnRH as observed by Andreu-Vieyra and colleagues, 

which should be further investigated (Andreu-Vieyra and Habibi, 2001; Andreu-Vieyra et 

al., 2005). 

Although activin βA mRNA changes have been interpreted above as affecting 

activin production, it should be noted that changes in mRNA levels of any gene do not 

always translate into changes in protein levels (Pemberton et al., 2013; reviewed in Nie et 

al., 2007).  Furthermore, activin β subunit is also a subunit of inhibin, which not only 

inhibits FSH secretion but also plays a role in spermatogenesis (reviewed in Cheng et al., 

2007).  However the inhibin-specific α subunit has not been cloned in goldfish (reviewed 

in Ge et al., 1993; Ge, 2000), although genome mining has found a homolog in zebrafish 

and its expression in the zebrafish ovary was confirmed (Poon et al., 2009).  Therefore, 

although previous immunocytochemical studies (using mammalian antibodies) have 

demonstrated inhibin-specific α subunit immunoreactivity in goldfish ovary and testis 

tissue (Ge et al., 1993), due to a lack of a known genetic sequence, we were unable to 

measure inhibin α mRNA expression in goldfish.  Thus, the enhanced expression of 

activin βA in testicular tissues at early recrudescence by either gGnIH, hCG or gGnIH 

with hCG treatments may reflect an increase in gonadal inhibin production and represent 

a component of the local hormonal milieu that lead to the initiation and stimulation of 

spermatogenesis that occurs in early recrudescence. 
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7.5 Summary  

This current chapter provides important insights into the action and functional 

significance of gGnIH in the goldfish gonad, in vitro.  Briefly, my results indicate that in 

goldfish gGnIH, as well as hCG/LH, treatments exert sex- and seasonal reproductive 

stage-dependent effects on a number of gonadal genes, including genes important in 

determining responsiveness to GTHs and steroids as well as those involved in 

steroidogenesis and gametogenesis.  Furthermore gGnIH and hCG often modulates each 

other’s effects in a complex and target specific manner.  These effects can be seen as 

gGnIH and hCG often interact with each other resulting in unique changes to gene 

expression in the gonads.  Furthermore, this interaction is also sexually-dimorphic and 

seasonally-dependent, suggesting that gGnIH is able to differentially modulate its effects 

based on the hormonal environment and stage of development of gonadal tissue.  When 

taken together with the finding that gGnIH is expressed in the gonads of fish (Qi et al, 

2013b), my results suggests that in addition to its functions at the hypothalamus and 

pituitary, the gGnIH/gGnIH-R system also participates in the autocrine and paracrine 

regulation of gonadal development and maintenance in teleosts.  It would be interesting 

to investigate, in future studies, whether there are changes in gonadal gGnIH-R mRNA 

levels over the seasonal reproductive cycle.  Furthermore, it would be important to 

examine the effects of gGnIH treatment on gonadal genes and steroidogenesis at the 

stages of late recrudescence/pre-spawning, gonadal regression (post-spawn) and 

regressed gonads to fully understand its role in the neuroendocrine regulation of somatic 

growth and reproduction in goldfish and other teleosts. 
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Figure 7.1 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal gGnIH-R mRNA levels, in early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.2 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal FSH-R mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.3 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal LH-R mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.4 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal ER-α  mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.5 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal ER-β1 mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.6 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal ER-β2 mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 



 

 174 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal AR mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.8 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal CYP19a mRNA levels, during 

early recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.9 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) alone 

and co-treatment of gGnIH and hCG on gonadal StAR mRNA levels, during early 

recrudescent (upper panel) and mid recrudescent (lower panel) ovarian and 

testicular tissue fragments.  Following a 12 h treatment in static gonadal tissue cultures, 

the abundance of transcripts was determined by QPCR and values normalized against 

GAPDH mRNA and expressed relative to controls (mean ± SEM; n = 6).  Different 

letters denote statistical significant differences between treatment groups (ANOVA 

followed by Tukey test, P < 0.05). 
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Figure 7.10 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) 

alone and co-treatment of gGnIH and hCG on gonadal activin βA mRNA levels, 

during early recrudescent (upper panel) and mid recrudescent (lower panel) 

ovarian and testicular tissue fragments.  Following a 12 h treatment in static gonadal 

tissue cultures, the abundance of transcripts was determined by QPCR and values 

normalized against GAPDH mRNA and expressed relative to controls (mean ± SEM; 

n = 6).  Different letters denote statistical significant differences between treatment 

groups (ANOVA followed by Tukey test, P < 0.05). 
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Figure 7.11 In vitro effects of either gGnIH (10 and 100 nM) or hCG (10 IU/ml) 

alone and co-treatment of gGnIH and hCG on gonadal follistatin mRNA levels, 

during early recrudescent (upper panel) and mid recrudescent (lower panel) 

ovarian and testicular tissue fragments.  Following a 12 h treatment in static gonadal 

tissue cultures, the abundance of transcripts was determined by QPCR and values 

normalized against GAPDH mRNA and expressed relative to controls (mean ± SEM; 

n = 6).  Different letters denote statistical significant differences between treatment 

groups (ANOVA followed by Tukey test, P < 0.05). 

 



 

 179 

Table 7.1 Summary of two-way ANOVA statistical analysis showing the presence or 

lack of interaction effects between gGnIH and hCG in ovarian and testicular tissue, 

in vitro, during early and mid gonadal recrudescence. 

 

 

Gene 

Tissue 

Ovary Testis 

Early 

recrudescence 

Mid 

recrudescence 

Early 

recrudescence 

Mid 

recrudescence 

gGnIH-R yes yes yes no 

FSH-R yes yes yes yes 

LH-R yes no yes yes 

ER-α no yes no no 

ER-β1 yes no no no 

ER-β2 no no no no 

AR yes no no no 

CYP19a no yes no yes 

StAR yes no yes yes 

Activin 

βA 
no yes no yes 

Follistatin yes yes yes yes 
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Table 7.2 Basal expression of genes in ovarian and testicular tissue during early 

(fall, October) and mid (winter, February) gonadal recrudescence in goldfish, in 

vitro.  QPCR Ct values from control groups were corrected with GAPDH Ct values 

and averaged (n=6).  All values have been rounded to 3 significant digits. 

 

 

Gene 

Tissue 

Ovary Testis 

Early 

recrudescence 

Mid 

recrudescence 

Early 

recrudescence 

Mid 

recrudescence 

gGnIH-R 0.0403 0.0101 0.732 0.456 

FSH-R 2.78 4.12 2.05 2.56 

LH-R 1.59 3.57 1.12 1.79 

ER-α 0.0104 0.00127 0.00227 0.00190 

ER-β1 0.0806 0.0310 0.0822 0.0602 

ER-β2 0.0509 0.0452 0.00427 0.00489 

AR 0.0598 0.503 0.00019 0.00095 

CYP19a 0.0148 0.0189 0.00192 0.00165 

StAR 0.00200 0.00340 0.000169 0.000211 

Activin 

βA 
0.00444 0.00527 0.0139 0.0178 

Follistatin 0.00513 0.0261 0.00686 0.0105 
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 Chapter Eight: General discussion and conclusions 
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8.1 Summary, discussion and conclusions 

8.1.1 Overview 

The primary objective of this study was to investigate the functional significance 

of gGnIH in basal and GnRH-induced gonadotrope and somatotrope functions in 

goldfish.  When this study was initiated, information regarding the effects of GnIH on 

GTH and GH mRNA expression and protein secretion was mostly limited to birds, 

amphibians, and mammals (Ukena and Tsutsui, 2005).  Information in lower vertebrates 

such as teleosts was limited to a single study, which identified the goldfish GnIH 

(gGnIH) sequence and determined its localization in the goldfish brain using in situ 

hybridization and immunohistochemistry (Sawada et al., 2002b).  However, soon after 

my investigation was initiated, it was also determined that gGnIH treatment stimulated 

the release of FSH, LH, and GH from cultured sockeye salmon pituitary cell cultures 

(Amano et al., 2006).  This finding was in contrast to avian and mammalian studies, 

which have consistently demonstrated GnIH-induced inhibition of GTH release and 

expression (for review see Chapter 1, Table 1.2).   

This thesis represents the first comprehensive study regarding the role of gGnIH 

in the reproductive and growth axis in a lower vertebrate.  The main objective was to 

investigate the integrated effects of this recently discovered hypothalamic neuropeptide 

on the HPG axis, in a teleost model.  To fulfill this aim, I proposed four specific 

hypotheses and provided novel information for the first time on the effects gGnIH on 

basal and sGnRH/cGnRH-II induced GTH and GH secretion and mRNA expression at 

different stages of gonadal recrudescence, in vivo and in vitro. 



 

 183 

The first hypothesis tested that gGnIH is able to modulate basal GTH and GH 

mRNA expression and secretion in the goldfish pituitary.  To test this hypothesis, I 

studied the effects of gGnIH, in vivo, by injection as well as in vitro, using primary 

pituitary dispersed cells treated in static culture and column perifusions.  

Experiments were designed to investigate the effects of gGnIH on basal LH and 

GH secretion as well as FSH-β, LH-β, and GH mRNA expression, in vivo and in vitro 

(Chapters 3 and 6; Moussavi et al., 2012).  These studies revealed significant differences 

between direct (in vitro) and indirect (in vivo) effects of gGnIH, and seasonally-

dependent variations in gGnIH response for the first time.  The results formed the 

foundation for subsequent studies, which tested the hypothesis that gGnIH is able to alter 

GnRH-induced LH and GH secretion as well as FSH-β, LH-β, and GH mRNA 

expression, in vivo and in vitro (Chapters 4, 5, 6, and Appendix A; Moussavi et al., 

2013).  These studies confirmed our findings regarding the importance of seasonal 

differences, in the effects of GnIH both in vivo and in vitro. 

To further elucidate the role of gGnIH in goldfish, we also investigated the effect 

of GnIH treatment on basal and GnRH-induced pituitary and hypothalamic gGnIH-R 

mRNA expression, as well as hypothalamic gGnIH mRNA expression (Chapters 3 and 

4).  Furthermore, the present study demonstrated the expression of gGnIH-R mRNA in 

the goldfish ovary and testis, indicating possible role in the regulation of gonadal 

function.  I went on to test the hypothesis that gGnIH plays an autocrine/paracrine role in 

the regulation of ovarian and testicular functions.  This hypothesis was tested by 

investigating direct effects of gGnIH on basal and gonadotropin (hCG)-induced response 

on cultured goldfish ovarian follicular and testicular tissue fragments, in vitro at early and 
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mid-stages of gonadal recrudescence (Chapter 7).  These results demonstrate sexually 

dimorphic and seasonally dependent changes in gGnIH-mediated effects on the 

expression of genes known to have important regulatory roles in the goldfish ovary and 

testis (Chapter 7; results summarized in Table 8.1).  The present study provides strong 

evidence that gGnIH plays an important role in multifactorial control of both 

reproduction and growth in goldfish as summarized in Figures 8.1 and 8.2.   

 

8.1.2 Implications of differences between gGnIH-induced gonadotrope and somatotrope 

hormone secretion in vivo and in vitro 

One of the main findings of this dissertation is that similar to other vertebrates, 

gGnIH is able to modulate basal gonadotrope and somatotrope functions in goldfish, in a 

dose-dependent manner.  These dose-dependent differences were primarily noticed across 

seasons, which may indicate changes in sensitivity to gGnIH at the level of the pituitary.   

By using different in vivo and in vitro protocol my results have begun to elucidate 

the role of gGnIH in a comprehensive manner.  Firstly, similar to the in vitro findings, 

which investigated the effects of the heterologous gGnIH in sockeye salmon (Amano et 

al., 2006), gGnIH was found to stimulate LH release from pituitary cells in vitro.  

Additionally, similar to birds and mammals (reviewed in Tsutsui et al., 2012), gGnIH has 

the ability to reduce LH serum levels in goldfish in vivo (Chapter 3).  This finding is 

supported by studies using gGnIH in zebrafish, which found ip injection with a 

heterologous peptide inhibited LH release.  Together, these contrasting in vivo and in 
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vitro results support the suggestion that the involvement of gGnIH in the HPG axis is 

complex and there are important differences in the direct and indirect actions of gGnIH.   

For example, the ability of gGnIH treatment to reduce serum LH levels in 

goldfish with gonads at early and mid-recrudescence in vivo, without affecting LH 

release, in vitro from cultured pituitary cells, suggests that gGnIH-induced inhibition of 

LH is likely due to indirect actions on gonadotropes (summarized results in Figures 8.1 

and 8.2).  These direct/indirect differences are further exemplified by the differences in 

the gGnIH-mediated effects on somatotrope function, in vivo and in vitro.  Interestingly, 

my data shows that similar to the differences observed in gonadotrope function, gGnIH-

mediated reduction in serum GH levels (in vivo; Figure 8.1) is not due to direct action of 

gGnIH on the pituitary, as in vitro static incubation results consistently demonstrate 

gGnIH-induced stimulation of GH secretion (Figure 8.2).  On the other hand, in vitro 

perifusion results indicate that gGnIH suppresses basal GH release, as well as the GnRH-

induced GH secretion at late recrudescence (Chapter 5).  Together, these results suggest 

that GnIH is able to integrate complex seasonal effects at multiple levels of the 

hypothalamic-pituitary-target axis, although further studies will be needed to provide 

more information.  Two plausible mechanisms may be suggested for indirect effects of 

gGnIH in goldfish (based on results from other vertebrates), including GnIH-induced 

changes in gonadal steroid production or changes in hypothalamic neurohormones.  GnIH 

neurons have been found to be closely associated with GnRH neurons (GnRH1 and 

GnRH2), which have been confirmed to express GnIH-R in birds and mammals (Bentley 

et al., 2003; Kriegsfeld et al., 2006; Ubuka et al., 2008; Ubuka et al., 2009; Smith et al., 

2010; Poling et al., 2012; Rizwan et al., 2012; Ubuka et al., 2012).  Currently the GnIH-
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mediated control of GnRH is a hot topic in neuroendocrinology.  Although it is not 

known if gGnIH neurons are in close proximity to cGnRH-II or sGnRH (GnRH2 and 

GnRH3, respectively) neurons, it is a likely possibility given the findings in higher 

vertebrates as well as in situ results by Qi and colleagues (2013a).  GnIH-mediated 

inhibition of GnRH excitation or GnRH-mediated gonadotrope function is now beginning 

to be established in mammals and birds (Osugi et al., 2004; Ducret et al., 2009).  It is also 

important to note that in teleosts, GnRH also stimulates somatotrope function (reviewed 

in Chang et al., 2009, 2012), and is therefore a plausible mechanism to indirectly 

decrease GH serum levels in vivo (summarized in Figures 8.1 and 8.2). 

Another possible mechanism in which GnIH can exert indirect actions may be 

through modulation of steroid levels, which can in turn alter the hypothalmo-hypophyseal 

system (Tsutsui et al., 2012) and is a possible explanation for the seasonally dependent 

results in goldfish (Moussavi et al., 2012, 2013).  In male starling, GnIH treatment 

decreased GTH-stimulated testosterone production in testes culture in vivo, except during 

breeding season (McGuire et al., 2011).  In female birds, estradiol treatment is found to 

decrease GnIH-R levels, potentially reducing the sensitivity of the ovaries to GnIH-

induced inhibition, potentially allowing for increasing GTH levels during the 

reproductive season (Maddineni et al., 2008b).  Together, the results in this dissertation 

along with results for Qi and colleagues (2013b) have shown that gGnIH-treatment 

affects gene expression at the level of the gonads, further suggesting plausible gGnIH-

induced changes in the levels of gonadal steroids and altering gonadal feedback in the 

HPG axis. 
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Currently, the understanding of steroid-induced regulation of the hypothalamic 

neurohormones is limited, as it is not known whether GnRH neurons express estrogen 

receptors.  One study in trout was unable to find estrogen receptor co-expressed in 

GnRH-ir cells, although ER-positive cells were in close proximity to GnRH-ir cells 

(Nava et al., 1995).  Interestingly, GnIH neurons in mouse and hamster express low 

levels of ER-α and yet E2 treatment inhibited GnIH mRNA expression (Kriegsfeld et al., 

2006; Molnár et al., 2011).  Therefore, whether or not steroids directly modulate GnIH or 

GnRH neurons in fish remains to be investigated. 

However, other possibilities are also likely involved in the indirect effects of 

gGnIH.  Another hot topic in neuroendocrinology is the involvement of another RFamide 

peptide termed kisspeptin, in the neuroendocrine and particularly the HPG axis.  Similar 

to GnIH, kisspeptin has also been found to be in contact with GnRH neurons and 

regulated by melatonin levels (reviewed in Parhar et al., 2012).  Current findings 

regarding the localization of GnIH and kisspeptin, suggests that these neurons may also 

be in close proximity of each other, although this remains to be established (reviewed in 

Parhar et al., 2012).  However, until more is known regarding the role of GnIH in 

vertebrates, it is difficult to discern its role or regulation by other neuroregulatory 

hormones.  This may be a difficult task to ascertain, as many factors along the HPG axis 

are believed to have some seasonal differences, including kisspeptin (reviewed in Clarke, 

2011; Simonneaux et al., 2012). 

The present results demonstrate that basal gGnIH-R levels do not change during 

gonadal recrudescence, and hence basal expression of gGnIH-R may not explain 

difference in the seasonally-dependent results of gGnIH-induced gonadotrope and 
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somatotrope effects (Moussavi et al., 2012; Chapters 3 and 5).  However, whether 

pituitary GnIH-R protein expression and/or functions change with gonadal recrudescence 

has yet to be examined.  On the other hand, gGnIH-induced inhibition of pituitary 

gGnIH-R (homologous regulation) observed at the later stages of gonadal recrudescence, 

suggests the presence of seasonal regulation of gGnIH-induced effects (Moussavi et al., 

2012; Chapter 3).  The finding that basal pituitary gGnIH-R levels do not change, yet 

homologous regulation of pituitary gGnIH-R is seasonally-dependent, may indicate that 

other factors, such as gonadal steroids are involved in the pituitary response to gGnIH.  In 

goldfish, both testosterone and estradiol have been found to modulate the pituitary 

response to hypothalamic signals, such as GnRH and dopamine by either altering their 

receptor levels and enhancing GnRH-induced effects, in addition to directly altering 

gonadotropin gene expression (Chang et al., 2009).  

 

8.1.3 Implications of the differential regulation of basal and FSH-β and LH-β by gGnIH 

Results presented in this thesis also provide novel insights into the effects of 

GnIH on LH-β and FSH-β mRNA expression.  One of the most interesting findings was 

that gGnIH is able to differentially regulate FSH-β and LH-β during late recrudescence in 

vivo, and mid recrudescence in vitro (Figures 8.1 and 8.2).  As mentioned in Section 8.1.2 

these direct and indirect differences may be explained through actions on and/or 

interactions with other neuroendocrine factors, which are present in vivo.  However, a key 

finding was the ability for gGnIH to differentially regulate GTH gene expression.  

Currently very little is known about the differential regulation of LH and FSH, or their 
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genes.  In some teleosts, however, FSH levels rise prior to LH at the initiation of gonadal 

maturation, and a mechanism must exist allowing for large ovulatory surge of LH during 

the spawning stage, which is required for final stage of maturation (Levavi-Sivan et al., 

2010).  In non-human primates, it has been found that the pulse frequency of GnRH 

mediates differential regulation of LH and FSH, where increased frequency of GnRH 

pulses promoted higher levels of LH secretion (Wildt et al., 1981).  This finding is also 

supported by GnRH pulse-dependent frequency dependent changes in FSH-β and LH-β, 

in vivo and in vitro (Heisenlader et al., 1991; Shupnik et al., 1990).  Although changes in 

gGnIH-induced GnRH pulse frequency may explain the differential gene expression in 

vivo, it is not a plausible explanation for the direct actions of gGnIH in pituitary cell 

cultures.  Recently, using zebrafish primary pituitary cell cultures, it was found that 

treatment with activin and follistatin was able to differentially regulate FSH-β and LH-β 

mRNA expression (Lin and Ge, 2009).  However, little is understood about the 

differential regulation of GTHs in goldfish aside from one study using activin B in vitro 

(Yam et al., 1999).  Therefore, it would be important to investigate the effects of post-

receptor signaling and explore the effect of gGnIH on LH and FSH promoter activation.   

 

8.1.4 Uncoupling of gene expression and hormone secretion  

The present study provides novel important information on the ability of gGnIH 

to uncouple mRNA expression and hormone release for both LH and GH (summarized in 

Figures 8.1 and 8.2).  Uncoupling of gonadotropes (Henderson et al., 2008) and 

somatotropes (Yang et al., 2010) expression from secretion is not unheard of, although 
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only a few studies have demonstrated this phenomenon.  The results from the perifusion 

studies presented in this thesis (Chapter 5) support a theory that increased level of 

expression without release may be required to build a large pool of hormone, for 

subsequent release, as seen at the termination of a 1 h gGnIH-treatment leading to a large 

GH surge (Figure 5.8).  It is also possible that increased expression of LH results in a 

large LH pool, and may result in a possible mechanism to allow for the rising LH surge 

during mid-recrudescence stage, although the timing or hormone treatment protocol in 

the perifusion studies may not have provided the conditions required for this effect.  

Furthermore, lack of gGnIH effect on LH-β or LH serum levels observed in late 

recrudescence indicate that other factors may prevent gGnIH-induced effects to promote 

the progression of gonadal maturation and spawning at this stage of reproduction.  Based 

on these results, more experiments are necessary to elucidate the mechanism(s) 

underlying the uncoupling of expression and hormone release in the goldfish pituitary.  

However, one possibility is that the post-receptor signaling and specific modulations of 

pharmacologically distinct intracellular Ca2+ pools are involved in this dissociation 

(Johnson et al., 2002; Chang et al., 2012; Pemberton et al., 2013).   

 

8.1.5 Differential regulation of GnRH-induced responses in gonadotrope and 

somatotrope, in vivo and in vitro 

Currently, there is increasing evidence of the involvement of GnIH in the 

modulation of GnRH release and actions, as GnRH neurons are in close proximity to 

GnIH neurons and express GnIH-R (reviewed in Parhar et al., 2012).  More recently, a 
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study has found that in goldfish, GnIH-R is found in the hypothalamic areas that also 

contain GnRH neurons (Kim et al., 1995; Qi et al., 2013a).  In addition, gGnIH injection 

reduced hypothalamic sGnRH but not cGnRH-II mRNA expression (Qi et al., 2013a).  

These findings increase the likelihood that the GnIH and GnRH systems in goldfish are 

linked, and perhaps able to modulate each other’s hormone secretion/pulse frequency.  

This thesis for the first time demonstrates the differential modulation of native GnRH-

induced gonadotrope and somatotrope functions (Chapters 4, 5, and 6).  Furthermore, 

there is evidence that gGnIH is able to differentially regulate sGnRH and cGnRH-II-

induced changes in GTH-β and GH mRNA expression, as well as LH and GH release.  

Moreover, the mode of administration is important, as injected gGnIH in vivo (Chapters 4 

and 6) elicited different responses than gGnIH treatment in vitro (Chapters 4 and 

Appendix A), depending on reproductive stage. 

Although treatment with gGnIH did not result in changes in the levels of cGnRH-

II in a previous study (Qi et al., 2013a), it is plausible that cGnRH-II secretion or 

pulsatility may be affected, and prevent cGnRH-II-induced GTH secretion at the level of 

the pituitary.  It is possible that there may be some form of post-receptor cross-talk 

between gGnIH and sGnRH/cGnRH-II receptors in the goldfish gonadotropes and 

somatotropes.  It is unclear at this point whether this is through the modulation of cAMP 

levels (via gGnIH-induced AC inhibition; Shimizu and Bédécarrats, 2010; Son et al., 

2012) and/or homologous and heterologous regulation of receptors (reviewed in 

Hollenberg, 1985).  However, we have found that both a single sGnRH or gGnIH 

treatment results in a down regulation of gGnIH-R, suggesting its ability to be regulated 

by other peptides as well as homologous ligands in vivo (Chapter 6).  However, it appears 
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that the type of administration (single vs. double injection) results in different effects at 

the level of the hypothalamus, with double injection of sGnRH not affecting gGnIH 

expression levels.  This may be a way for the organism to be able to regulate the HPG 

axis, and to lower GnIH expression, when its secretion is already high.  Furthermore, the 

order of hormone treatment (with gGnIH or sGnRH) was shown to be important for 

pituitary (but not hypothalamic) gGnIH-R regulation.  This suggests that the pituitary is 

more sensitive than the hypothalamus to homologous and heterologous receptor 

regulation as it is the location where all hypothalamic peptides signals converge and their 

signals are integrated.  Currently no information is available on the regulation of GnIH-R 

by GnIH or other hypothalamic peptides in any vertebrate. 

 

8.1.6 Paracrine effects of gGnIH in goldfish gonads 

The finding that the goldfish gonads express gGnIH and gGnIH-R, indicate that 

gGnIH may directly affect gonadal functions to regulate reproduction.  The present 

results demonstrate that gGnIH is able to modulate gonadal gene expression in goldfish 

gonads in a sexually-dimorphic and seasonally dependent manner (summarized in Table 

8.1).  The results in this thesis provide a plausible mechanism in which gGnIH can affect 

gonadal gene expression directly, and hence alter gonadal feedback at all levels of the 

HPG axis.  In females, gGnIH increases gGnIH-R levels during both early and mid- 

gonadal recrudescence, and hence might increase the sensitivity of the ovary to gGnIH-

induced effects more than the testis.  Furthermore, gGnIH-induced increases in receptors 

such as FSH-R, LH-R, ER-α, ER-β1 may increase the gonads sensitivity to their 
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respective ligands, and increase the ability for these ligands to induce the cellular changes 

required for gonadal maturation.  Moreover, gGnIH-induced changes in CYP19a suggest 

a mechanism to increase steroid production in a sexually-dimorphic and seasonally 

relevant manner.  In addition, increased expression of activin and follistatin may result in 

FSH-induction during early recrudescence, which is the stage when FSH levels begin to 

rise in male and females (Kwok et al., 2005). 

Whether or not these changes in gene expression lead to changes in the 

production of gonadal steroids or modulation of gonadal development remains to be 

investigated in goldfish.  In birds, gGnIH treatment modulates testosterone levels in 

GTH-stimulated testis in vitro in a reproductive stage-dependent manner (McGuire et al., 

2011), but acute GnIH treatment in vivo results in no changes in testosterone levels 2 min 

post-injection (Deviche et al., 2006), suggesting direct action of GnIH at the level of 

gonads.  Additionally, the effects of gGnIH on E2 levels have only been investigated in 

mammals, which demonstrate GnIH-induced inhibition in pig (in vitro; Li et al., 2013) 

and stimulation of E2 in mice (in vivo; Singh et al., 2011).  However, it is likely that in 

goldfish, these gene expression changes result in some changes in the steroid production 

or gonadal maturation, which can then feedback on the hypothalamo-hypophyseal 

system.  
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8.2 Future directions 

 The results of this thesis provide novel insight into the complex involvement of 

gGnIH in the multifactoral regulation of the HPG axis in goldfish.  The finding that 

gGnIH is both stimulatory and inhibitory, is in contrast to studies in birds and mammals, 

which needs to be further investigated as it may be due to species-specific differences.  

Currently, investigations regarding GnIH are at the forefront of studies into elucidating 

the control of the HPG axis, at all three levels, including the gonads.  Due to the infancy 

of these investigations, much remains to be further investigated.  One study that would be 

particularly useful is to understand the role of gonadal steroids in the modulation of 

gGnIH and gGnIH-induced effects, as my investigations have shown a large degree of 

seasonal-dependency.  Since gonadal steroids are low during early recrudescence, yet 

increase during the winter, it provides a plausible mechanism for feedback onto the 

hypothalamo-hypophyseal system, and hence may affect GnIH- and GnIH-R-expressing 

cells. 

To further support my findings that gGnIH is able to inhibit GnRH-induced 

effects, it would also be interesting to determine whether GnIH neurons and GnRH 

neurons are in close apposition to each other and how they may synapse on one another 

in teleosts, similar to higher vertebrates (reviewed in Tsutsui et al., 2012; Ubuka et al., 

2013b).  These can be achieved using immunocytochemistry techniques.  Furthermore, it 

would be of interest to investigate whether gGnIH-induced effects are mediated by 

adenylate cyclase activity and changes in cAMP levels as in higher vertebrates (Shimizu 

and Bédécarrats, 2010; Son et al., 2012).  These studies can then lead the way to further 
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investigation of the post-receptor signaling involved in gGnIH, as well as understanding 

the cross-talk between gGnIH and native GnRHs.  Overall, the mechanisms behind the 

direct vs. indirect effects as well as seasonal/sex differences presented in this thesis 

remain to be elucidate; which can begin to be elucidated by investigating post-receptor 

signalling mechanisms.   

Goldfish, similar to other seasonally breeding vertebrates, also use environmental 

cues to regulate their reproductive abilities, which results in seasonal changes in 

circulating melatonin levels in goldfish (Iigo and Aida, 1995).  Since melatonin is known 

to regulate GnIH in other species, it would be interesting to determine if GnIH neurons 

express melatonin receptors in goldfish, and if administration of melatonin alters GnIH 

expression and secretion from the hypothalamus, as currently there is no information 

regarding the regulation of GnIH neurons and secretion in lower vertebrates.  Similarly, 

pinealectomized fish can be utilized to determine its effects on hypothalamic gGnIH 

expression.  Together, these studies would further provide information regarding the 

seasonal regulation of gGnIH and its involvement in gonadal recrudescence of fish.   

Another important aspect that needs to be taken into account in the future is the 

sex-specific differences in the effects of gGnIH administration.  Due to the inability to 

determine the sex of goldfish prior to sample collection, it was difficult to separate them 

by sex for the experiments in this dissertation.  With the current finding that gGnIH 

administration results in sexually-dimorphic changes of gonadal gene expression, 

sexually-dimorphic or sex-dependent changes at the level of the hypothalamus or 

pituitary may also exist.  Furthermore, any potential sex-dependent differences may 

involve integration of gonadal steroid feedback, and hence the involvement of gonadal 
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steroids on gGnIH-induced effects at all three levels of the HPG axis may help elucidate 

the mechanism behind the sexually-dimorphic differences, as well as allow us to 

understand the important of gonadal development in the regulation of gGnIH-induced 

effects. 

Overall, until the actions of GnIH in lower vertebrates such as teleosts is further 

investigated, it is difficult to determine its role in the regulation of goldfish gonadotrope 

and somatotrope function and how it fits in the hypothalamic-pituitary-target axis to 

regulate the intricate balance required for successful reproduction and its transition from 

the somatic growth phase to the reproductive stage. 
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Figure 8.1 Summary of the gGnIH-induced effects on basal gonadotrope and 
somatotrope function during early, mid, and late gonadal recrudescence in the 
goldfish, in vivo.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 Summary of the gGnIH-induced effects on basal gonadotrope and 
somatotrope function during early, mid, and late gonadal recrudescence in the 
goldfish, in vitro, using primary pituitary static cell cultures.  
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Table 8.1 Summary of gGnIH-induced changes of genes in ovarian and testicular 
tissue during early (fall, October) and mid- (winter, February) gonadal 
recrudescence in goldfish, in vitro. 

 

 

 

Gene 

Tissue 

Ovary Testis 

Early 

recrudescence 

Mid 

recrudescence 

Early 

recrudescence 

Mid 

recrudescence 

gGnIH-R ⇑ ⇑ ⇔ ⇔ 

FSH-R ⇔ ⇑ ⇑ ⇑ 

LH-R ⇔ ⇑ ⇑ ⇔ 

ER-α ⇑ ⇑ ⇔ ⇔ 

ER-β1 ⇑ ⇔ ⇔ ⇔ 

ER-β2 ⇔ ⇔ ⇔ ⇔ 

AR ⇔ ⇔ ⇔ ⇔ 

CYP19a ⇔ ⇑ ⇔ ⇑ 

StAR ⇑ ⇔ ⇔ ⇔ 

Activin 

βA 
⇑ ⇔ ⇑ ⇔ 

Follistatin ⇑ ⇔ ⇔ ⇑ 

 

⇑     Increase  

⇔   No change 
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APPENDIX A: Seasonal reproductive differences in the in vitro effects of gGnIH on 

basal and sGnRH-induced LH release and GTH gene expression in static cultures of 

goldfish pituitary cells 

  



 

242 

A.1 Introduction 

In vertebrates, the control of gonadotrope secretion and hormone synthesis is 

mainly under the stimulatory control of GnRH (reviewed in Chang et al., 1996; Chapter 

1).  Research using higher vertebrate has indicated that the family of RF-amide peptides 

called GnIH exerts inhibitory influence on basal and GnRH-induced changes in 

gonadotrope activities (reviewed in Tsutsui et al., 2010; Ubuka et al., 2013; also see 

Chapter 1).  However, results from studies in teleosts indicate that GnIH influences on 

gonadotrope functions is more complex than previously envisioned.  For example gGnIH 

stimulates FSH and LH release from cultured pituitary cells from precocious male 

sockeye salmon in vivo (Amano et al., 2006).  In addition, my results have shown that in 

goldfish, gGnIH does not always inhibit basal gonadotrope functions and it also 

dissociates LH release from GTH subunit mRNA expression in a seasonal reproductive 

dependent manner in vivo and in vitro (Moussavi et al., 2012, 2013; Chapters 3 and 4).  

Furthermore, injection of gGnIH either negatively modulates or has no effect on the 

stimulatory activities of two native goldfish GnRHs, sGnRH and cGnRH-II on LH 

secretion and GTH subunit mRNA expression in a seasonal reproductive state-dependent 

(Moussavi et al., 2013; Chapter 4).  However, results on in vivo studies of gGnIH actions 

do not differentiate between: 1) direct actions of gGnIH on basal gonadotrope activities, 

2) modulation of the effects of GnRH or other neuroendocrine regulator effects at the 

level of the gonadotropes, or 3) indirect actions through gGnIH modulation of the release 

of hypothalamic factors. 

To further characterize the relationship between GnIH and GnRH actions at the 

level of the gonadotropes, I examined how the effects of sGnRH on LH release and LH-β 
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and FSH-β subunit mRNA expression are affected by application of different doses of 

gGnIH using primary cultures of dispersed goldfish in vivo experiments at three different 

points of gonadal recrudescence. 

 

 

A.2 Materials and methods 

A.2.1 Animals  

Male and female common goldfish at early, mid-, and late gonadal recrudescence 

were used.  The GSI of the fish was calculated to be between 2-3 % during early gonadal 

recrudescence, 5-7% during mid-gonadal recrudescence, and 9-12% at late gonadal 

recrudescence. Tissues from both males and females were collected and analysis 

performed on mixed sex samples. 

 

A.2.2 Primary pituitary cell culture 

Cells were dispersed from excised pituitaries using a modified trypsin-DNase 

protocol as described in Chapter 2, Section 2.3.  The cells were plated in 6-well Falcon 

Primaria plates (VWR, Edmonton, Alberta, Canada) at a density of 1-2 million cells/ml 

of culture medium and allowed to settled for 2 h at 28 °C, 5 % CO2 with saturated 

humidity.  To each well, horse serum was then added to a final concentration of 1 % and 

the cells were allowed to recover overnight.  After the overnight incubation, culture 

media was gently aspirated and replaced with fresh culture media with the appropriate 

hormone concentration.  (Cells in static incubation cultures were treated continuously 

with stimuli for 12 h at which time 1 ml of media was removed and stored at -20 °C for 
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LH RIA (Peter et al., 1984).  Pituitary cells were used for RNA extraction and QPCR 

analysis (see Chapter 2, Sections 2.4.1 and 2.4.2).  Each experiment was repeated twice 

(separate cell preparations) with 4 replicate wells per cell preparation. 

 

 

A.3 Results 

A.3.1  In vitro influence of gGnIH on sGnRH-induced changes in LH secretion and 

pituitary LH-β , FSH-β  subunit mRNA levels in disperse goldfish pituitary cells 12 h 

static incubation  

 To gain insight into the direct effects of gGnIH on GnRH-induced GTH release 

and production at the level of the pituitary, I tested the dose-related effects of gGnIH in 

combination with sGnRH using static primary goldfish pituitary cell cultures.  These in 

vitro experiments were conducted at three different time points of gonadal development: 

early (September to October), mid- (December), and late recrudescence/prespawning 

(March).  gGnIH doses used were 1, 10 and 100 nM and their influences on basal LH 

release, as well as LH-β and FSH-β subunit mRNA levels in cell preparations used in 

experiments reported below had been reported in Chapter 3 (Moussavi et al., 2012).  

sGnRH was used at the maximal stimulatory concentration of 10 nM (Habibi et al., 1991; 

Khakoo et al., 1994).  Previous studies have indicated that incubation with GnRH for 

12 h elevates GTH subunit gene expression in dispersed goldfish pituitary cell cultures 

(Klausen et al., 2002a).  Accordingly, a 12 h sample point was chosen for the present set 

of experiments. 
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In cells prepared from fish at early gonadal recrudescence, sGnRH stimulated LH 

release, as well as LH-β and FSH-β subunit mRNA expression, compared to untreated 

controls (Figure A.1).  gGnIH treatments had previously been shown not to affect basal 

LH release but to inhibit basal GTH-β subunit mRNA levels (Figure 3.3 of thesis).  

sGnRH-induced LH secretion was reduced to untreated control levels by all doses of 

gGnIH tested.  In addition, the LH-β and FSH-β subunit mRNA expression responses 

were reduced in a dose-dependent manner by gGnIH to levels either at (LH) or below 

(FSH) those of untreated controls (Figure A.1).  

sGnRH also stimulated LH release, FSH-β and LH-β subunit mRNA expression 

in the pituitary cells obtained from fish at mid- gonadal recrudescence (Figure A.2).  

Previously, I had shown that gGnIH did not alter basal LH release, but stimulated LH-β 

mRNA at 1 nM dose while inhibiting FSH-β mRNA expression at all 3 doses tested 

(Figure 3.4; Moussavi et al., 2012) at this gonadal stage.  On the other hand, gGnIH had 

no effect on the sGnRH-induced LH release but gGnIH at 10 and 100 nM inhibited the 

sGnRH-induced increases in FSH-β and LH-β subunit mRNA expression (Figure A.2).  

In pituitary cells from fish with gonads at the late recrudescent/prespawning stage, 

sGnRH treatment significant stimulated LH release and elevated LH-β mRNA 

expression, but had no significant effect on FSH-β mRNA, compared to untreated 

controls (Figure A.3).  In similar experiments done at this stage of gonadal 

recrudescence, 10 and 100 nM gGnIH increased basal LH release but inhibited LH-β 

mRNA level while 100 nM gGnIH also reduced FSH-b mRNA expression (Figure 3.5; 

Moussavi et al., 2012).  However, combined gGnIH and sGnRH treatment did not 
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produce LH release responses or changes in FSH-β subunit mRNA levels that were 

different from those to sGnRH treatment alone (Figure A.3).  In contrast, the combined 

gGnIH and sGnRH treatments elevated LH-β mRNA to levels significantly greater than 

those to sGnRH alone (Figure A.3). 

 

 

A.4 Discussion 

Evidence for seasonal-dependent changes in hypothalamic and/or pituitary GnIH 

and/or GnIH-R mRNA expression have been demonstrated in seasonally reproductive 

fish, birds, and non-primate mammals (Bentley et al., 2003; Mason et al., 2010; Ubuka et 

al., 2012; Smith et al., 2012; Smith, 2012; Moussavi et al., 2012; Simonneaux et al., 

2013; Harbid et al., 2013).  For example, in birds, GnIH-containing neurons are larger in 

the post-breeding season, than at other times in the year and are in contact with GnRH 

neurons (Bentley et al., 2003).  In further support of the seasonality of GnIH, it was found 

that short day periods resulted in increased GnIH expression in birds and that GnIH 

neurons contain melatonin receptors (subtype 1c) (Ubuka et al., 2005).  Recent studies 

have also revealed GnIH neurons are in close proximity to GnRH-containing neurons in 

all species of birds and mammals studied (reviewed in Bentley et al., 2006).  Higher 

levels of GnIH mRNA and higher numbers of GnIH-GnRH neuronal contacts have also 

been seen in the sheep during the non-breeding season (Smith et al., 2008).  However, in 

rhesus macaque, a mammal that undergoes spontaneous (non-photoperiod induced) 

reproductive cycling, the number of GnIH-GnRH neuronal contacts did not change 

during the menstrual cycle (Smith et al., 2010).  Furthermore, in mammals, it has been 
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shown that both avian and mammalian GnIH administration is able to regulate GnRH 

neuronal firing, in vitro (Ducret et al., 2009; Wu et al., 2009), indicating that GnIH 

regulation of GnRH neuronal activity is an important aspect of the neuroendocrine 

regulation of seasonal reproduction.     

Overall, the regulation of GnIH via regulation of GnRH has begun to be 

elucidated in birds and mammals, with much remaining to be investigated in lower 

vertebrates such as goldfish.  This thesis chapter represents the first time that the direct 

pituitary level influences of GnIH on GnRH-induced changes in LH release and GTH-β 

subunit mRNA levels have been examined at different stages of gonadal recrudescence 

within the same study in teleosts.  Results reveal seasonal reproductive stage-dependent 

differences in the in vitro interactions between gGnIH and sGnRH on both LH secretion 

and GTH gene expression. 

 

A.4.1 LH release 

Consistent with the inability of gGnIH to affect acute sGnRH- and cGnRH-II-

stimulated LH release from goldfish pituitary cells in perifusion at mid- and late 

recrudescence reported in Chapter 4, prolonged (12 h) sGnRH-induced LH release is 

unaffected by gGnIH in the present chapter (Figures A.2 and A.3).  In contrast, gGnIH 

inhibited sGnRH-induced increase in LH release in static incubation experiments with 

pituitary cells obtained from fish at early recrudescence in this present thesis chapter 

(Figure A.1), a time when gGnIH did not alter basal LH secretion under similar treatment 

conditions (Chapter 4, Figures 4.5 and 4.6).  These results not only illustrate the presence 

of seasonal differences in the ability of gGnIH to directly affect sGnRH stimulatory 
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effects on LH secretion at the level of goldfish pituitary cells, but also reveal a 

dissociation between gGnIH influences on basal and stimulated LH secretion. 

 

A.4.2 GTH-b subunit mRNA expression 

Except for the expression of FSH-β mRNA in pituitary cells at late recrudescence, 

observations from the present chapter confirm previous findings that sGnRH is generally 

stimulatory to GTH-β subunit mRNA expression in goldfish pituitary cells throughout 

the gonadal recrudescence season following 12 h of static incubation (Klausen et al., 

2002b).  More importantly, data in this thesis chapter demonstrate the seasonal-dependent 

effects of in vitro gGnIH influences on sGnRH-induced GTH-β mRNA expression.   

gGnIH inhibits sGnRH-stimulated increases in LH-β and FSH-β mRNA 

expression in goldfish pituitary cells obtained from fish at early and mid- gonadal 

recrudescence, while enhancing sGnRH-induced elevation in LH-β mRNA expression in 

cells prepared from fish at late recrudescence.  Since treatment with gGnIH alone reduced 

basal LH- and FSH-β mRNA levels in the same sets of static incubation experiment with 

goldfish pituitary cells at early and mid-recrudescence (Chapter 3, Figures 3.3 and 3.4), 

its ability to dose-dependently attenuate the sGnRH-induced GTH-β subunit expression 

responses is not too surprising.  On the other hand, at late recrudescence, treatment with 

gGnIH alone reduced basal LH-β and FSH-β expression (Chapter 3, Figure 3.5) and yet 

its presence further increased the LH-β, but not the FSH-β, mRNA responses to sGnRH 

treatment (Figure A.3.).  The cellular mechanisms whereby an inhibitory gGnIH action 

turns into an enhancing influence on sGnRH-induced stimulatory effect on LH-β mRNA 
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expression is unknown at present.  Nonetheless, these data clearly illustrate seasonal 

reproductive differences not only in how gGnIH modulates GnRH influences on GTH 

gene expression, but also in the regulation of the two GTH-β subunits by neuroendocrine 

factors.  Using the mouse gonadotrope cell line, GnIH was also seen to inhibit GnRH-

induced gene transcription of GTHs and LH secretion (Son et al., 2012).  Previous studies 

have indicated that seasonal differences in GnIH activity may be due to changes in GnIH 

neuronal size as seen in birds (Bentley et al., 2003) or due to seasonal changes in GnIH 

neuron contact with GnRH neurons, similar to what is seen in mammals (Smith et al., 

2010).  However, seasonal changes in the in vitro effects of GnIH have not been 

investigated in other vertebrates.  One possible explanation for the seasonal differences 

observed in the present thesis chapter may be due to changes in gGnIH-R sensitivity to 

gGnIH.  In support of this idea, we found that although basal gGnIH-R receptor levels do 

not change across recrudescent stages, the gGnIH-induced inhibition of gGnIH-R is 

seasonally-dependent and limited to the mid-late and late recrudescent stages (Chapter 3, 

Figure 3.2).  As I have mentioned in Chapter 3 (Section 3.4), the ability for gGnIH to 

differentially regulate GTH-b during mid- and late recrudescence is currently unknown 

(Moussavi et al., 2012; Chapter 3), and the results from this chapter now suggest that this 

differential regulation also applies to gGnIH inhibition of GnRH-induced responses, 

which needs to be further investigated. 

Interestingly, gGnIH at 100 nM is reported to specifically reduce GnRH 

superagonist-induced increases in LH-β, but not FSH-β, mRNA levels by 12 h in static 

incubation studies with goldfish pituitary cells prepared from females at late 

vitellogenesis (Qi et al., 2013), a reproductive stage that is likely at or just slightly more 
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advanced than those of the mid-recrudescence (Dec) goldfish used in the present study.  

Whether the difference in the gGnIH effect on the FSH-β subunit expression response to 

GnRH represents: 1) a transition to that observed at late recrudescence in the present 

study, 2) the results of the use of different GnRH-R agonists (a native GnRH versus a 

GnRH superactive analogue), and/or 3) the use of pituitary cells from female goldfish 

only as opposed to both males and females remain to be determined. 

 

 

A.5 Summary 

I have shown that gGnIH is able to differentially affect GnRH-elicited LH release 

and GTH-β subunit mRNA responses in a dose-related and reproductive stage-dependent 

manner, by direct actions at the level of the goldfish pituitary cells.  Results from this 

chapter provide further evidence that GnIH has both stimulatory and inhibitory influences 

on gonadotrope functions in teleosts depending on the presence or absence of GnRH, and 

is thus more complex than is generally believed based on results from higher vertebrate 

study models alone.  In addition, results add further support to the conclusions made in 

previous thesis chapters (Chapters 3, 4, and 6) that gGnIH differentially affects LH 

secretion and GTH gene expression.  The observed ability of gGnIH to potentiate 

sGnRH-induced LH-β subunit expression in goldfish pituitary cell culture at late 

recrudescence is unexpected as my previous results indicate that gGnIH treatment alone 

inhibits LH-β and FSH-β mRNA levels in vitro during late recrudescence (Chapter 3; 

Moussavi et al., 2012); in addition, it is unprecedented as this kind of GnIH effect has 
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never been observed in other species.  On the other hand, the difference between gGnIH 

influences on sGnRH-effects on LH- and FSH-β mRNA expression in pituitary cells 

obtained from mid-, as compared to late, gonadal recrudescence stages provides an 

important and novel insight into the physiological role of gGnIH in the regulation of 

seasonal reproduction.  It is possible that during early and mid-recrudescence, the 

inhibitory effects of gGnIH on sGnRH-induced increase in GTH-β subunit gene 

expression serve to limit the total available LH and FSH available for release while the 

ability of gGnIH to selectively enhance sGnRH-induced LH-β mRNA levels during late 

recrudescence provides a mechanism by which goldfish produce the LH reserve required 

to produce/sustain the LH surge needed for ovulation and spawning (reviewed in Peter 

and Yu, 1997; Lubzens et al., 2010; Zohar et al., 2010).  However, this hypothesis 

remains to be investigated, as increases in mRNA expression levels do not always 

indicate increases in protein production (Pemberton et al., 2013; reviewed in Nie et al., 

2007).  How gGnIH affects the function(s) of the other native goldfish GnRH, cGnRH-II, 

over the different gonadal recrudescence stages at the pituitary gonadotrope level also 

needs to be examined before the physiological role of gGnIH in the regulating 

reproduction in the goldfish can be further elucidated but findings in this chapter have 

provided the basis for such future studies. 
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Figure A.1 Dose-related effects of 1, 10 and 100 nM gGnIH on 10 nM sGnRH-

induced LH release (upper panel), LH-β  mRNA levels (middle panel), and FSH-β  

mRNA levels (lower panel) in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at early gonadal recrudescence (October).  After 12 h of static 

treatment, a media sample was removed for LH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  GTH-β transcript abundance was 

determined by QPCR and the results normalized against β-actin and expressed as a 
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percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences between groups (ANOVA 

followed by Tukey test, P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A.2 Dose-related effects of 1, 10 and 100 nM gGnIH on 10 nM sGnRH-

induced LH release (upper panel), LH-β  mRNA levels (middle panel), and FSH-β  

mRNA levels (lower panel) in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at mid- gonadal recrudescence (December).  After 12 h of static 

treatment, a media sample was removed for LH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance.  GTH-β transcript abundance was 

determined by QPCR and the results normalized against β-actin and expressed as a 
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percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences between groups (ANOVA 

followed by Tukey test, P < 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3 Dose-related effects of 1, 10 and 100 gGnIH on 10 nM sGnRH-induced 

LH release (upper panel), LH-β  mRNA levels (middle panel), and FSH-β  mRNA 

levels (lower panel) in primary cultures of dispersed goldfish pituitary cells 

prepared from fish at late gonadal recrudescence (March).  After 12 h of static 

treatment, a media sample was removed for LH levels analysis via RIA, and the RNA 

from the cells extracted for transcript abundance. GTH-β transcript abundance was 

determined by QPCR and the results normalized against β-actin and expressed as a 
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percentage of control values (mean ± SEM; n = 8 from 2 independent cell preparations).  

Different letters denote statistical significant differences between groups (ANOVA 

followed by Tukey test, P < 0.05). 
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a b s t r a c t

Goldfish, like many other fish species, undergo well-documented annual cycles, which include well-
defined somatic and reproductive states. It is known that part of the year is spent in a somatotropic state
(usually from late spring to late fall), followed by transition into the reproductive state (usually from late
Fall to late Spring). The onset of reproductive cycle is characterized by synthesis of phosphoglycoprotein
vitellogenin (Vg), a precursor to the egg yolk proteins in the liver and its uptake in the oocyte. Hormones
regulate the process of vitellogenesis and circulating 17-b-estradiol is known to be a key factor during the
reproductive period. During vitellogenesis, pituitary produces growth hormone (GH), but the fish divert
most of the energy towards reproduction rather than growth. In this study we investigated the role of GH
in the regulation of Vg in goldfish. The goldfish Vg cDNA was partially cloned (1348 amino acids), which
included a highly conserved lipoprotein N-terminal domain, and used as a probe for Northern blot anal-
ysis. Treatment of female liver in vitro with recombinant goldfish GH increased Vg mRNA in goldfish at
early stages of recrudescence (September), but was without effect in mid-late stages of vitellogenesis
and post-spawning period (February–June). There was a correlation between GH activity and basal
expression levels of the growth hormone receptor (GHR). Like Vg, GHR transcript was increased by treat-
ment with GH in September but not February or June. Overall, the present study provides novel informa-
tion on the role of GH in the season-dependant regulation of Vg and GHR gene expression.

! 2008 Elsevier Inc. All rights reserved.

1. Introduction

Growth hormone (GH) is a single-chain pluripotent polypeptide
secreted by the somatotrophs located in the anterior pituitary and
is associated with many physiological processes including: growth,
behaviour, and sexual maturation (review: Peter and Marchant,
1995). It can act via the growth hormone receptor (GHR), normally
involving insulin-like growth factors (IGF-1 & IGF-II) (review: But-
ler and Le Roith, 2001). In this study we used goldfish as an exper-
imental model. Goldfish undergoes a clear reproductive cycle and
spawns once a year in late April or early May. Prior to spawning
time gonads are in a growth and maturation phase (with little so-
matic growth), while post-spawning is marked by an increased so-
matic growth rate (Marchant and Peter, 1986). It has been
suggested that GH is important in the control of reproduction in
goldfish, since GH levels are elevated during the period prior to
spawning. Despite the elevated serum GH, somatic growth is slow,
yet gonadal size is increasing (review: Trudeau, 1997).

The presence of two native forms of GH (GH-I and GH-II) has
been demonstrated in goldfish (Law et al., 1996). GH-I contains five
cysteine residues and GH-II contains four cysteine residues. Two of
the cysteine residues are highly conserved (Law et al., 1996). Pre-

vious work with recombinant growth hormone has shown that
both GH-I and GH-II increased the growth rate, with recombinant
GH-I having a somewhat higher potency than GH-II as well as val-
idating its biological activity (Mahmoud et al., 1998). In this study,
recombinant goldfish growth hormone-I (rGH-I) was used to inves-
tigate the role of GH in regulation of vitellogenin (Vg) in goldfish.

The Vg molecule is a common dimeric protein found in the hemo-
lymph of invertebrates and serum of vertebrates (Polzonetti-Magni
et al., 2004; Sappington and Raikhel, 1998). In fish, Vg is produced in
the liver, mainly under control of estrogen, and transported in circu-
lation to developing oocytes as a phospholipo-glycoprotein precur-
sor to egg yolk (Jalabert, 2005; Sole et al., 2003). This protein is
present at highly detectable levels in the plasma of female fish dur-
ing egg maturation (early to mid recrudescence), however, it is not
found in males unless they are induced with estrogenic compounds
such as the natural hormone 17-b-estradiol (Sole et al., 2003). While
17-b-estradiol is the key regulatory hormone in non-mammalian
vertebrate species (Wallace and Selman, 1985), other hormones
such as testosterone, progesterone, and GH have been shown to syn-
ergize Vg production in reptiles (Callard et al., 1972). In silver eel (An-
guilla anguilla), bovine GH alone had no effect on Vg production, but
co-treatment with estradiol, enhanced Vg production and secretion
in the liver (Peyon et al., 1996). In frogs, it is also well-documented
that multiple hormones, not estradiol alone, control vitellogenin
expression (Carnevali et al., 1995). In gilthead sea bream, treatment

0016-6480/$ - see front matter ! 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.ygcen.2008.12.009

* Corresponding author. Fax: +1 403 289 9311.
E-mail address: habibi@ucalgary.ca (H.R. Habibi).

General and Comparative Endocrinology 161 (2009) 79–82

Contents lists available at ScienceDirect

General and Comparative Endocrinology

journal homepage: www.elsevier .com/locate /ygcen



 

268 

 

with GH was found to stimulate Vg secretion in cultured liver in a
seasonally dependent manner (Mosconi et al., 2002). It was sug-
gested that estrogen might play a role in GH-mediated secretion of
Vg in sea bream. In this context, estrogen-sensitivity was found to
be seasonally regulated through changes in the levels of estrogen
receptors, where receptor levels and estrogen-sensitivity for Vg
induction are highest in the pre-spawning stage (Mosconi et al.,
2002).

In the present study, we investigated the effect of recombinant
goldfish rGH-I on Vg mRNA production at three different reproduc-
tive seasons (September-early gonadal recrudescence, February-
late gonadal recrudescence, and June-post-spawn regressed gona-
dal). We also tested the hypothesis that variation in response to GH
at different reproductive period may be due to differences in rela-
tive GHR expression.

2. Materials and methods

2.1. Animals

Female goldfish were purchased from aquatic imports (Calgary,
AB) and allowed to acclimatize for a minimum of 4 days and a max-
imum of 7 days in flow through tanks. Water temperature was
approximately 17 !C in September, 13 !C in February, and 20 !C in
June. Day/night light conditions were maintained at 12 h light,
12 h dark for the acclimatization period during all three seasons.
The goldfish were approximately 7–10 cm in length (2 years of
age), and their weight averaged 23 g. The goldfish were fed a com-
mercial diet of Nutrafin floating food pellets, as recommended by
the manufacturer. All goldfish were sacrificed in accordance with
the principles and guidelines of the Canadian Council of Animal Care.

2.2. Hormones

In order to assess the dose-related effects of GH on vitellogene-
sis, three doses of GH close in the range of accepted physiological
levels were investigated. Since goldfish have very well-docu-
mented somatic and reproductive cycles, three time points were
chosen to investigate the effect of rGH-I on Vg mRNA level pro-
duced in the liver obtained from female goldfish at three stages
of reproductive stages. Recombinant goldfish GH-I (rGH-I) was
produced in a Pichia pastoris expression system, quantified and
characterized for biological activity as described by Dashtban
(2008).

2.3. Cloning of the goldfish vitellogenin cDNA fragment

In order to obtain a large sequence for goldfish Vg, including the
majority of the coding region, a large fragment of goldfish Vg was
cloned using an RT-PCR approach. Primers, based on the cDNA se-
quence of the common carp (Cyprinus carpio) (GenBank Accession
No.: AF414432) were as follows: [50-CAAACCATCAGCCATGA-
GAGC-30], and [50-ATTAGTGTAACATCACAGCAGTGG-30]. PCR was
modified from Nelson and Habibi (2006). Cycling was as follows:
94 !C for 3 min, 35 cycles of 94 !C for 45 s, 53 !C for 60 s and
72 !C for 90 s, followed by a final extension at 72 !C for 10 min.
The resulting fragment was gel purified, and sequenced (University
of Calgary). A sequencing strategy using several internal (nested)
primers as sequencing start sites was employed to ensure that
the sequencing enzyme was not limited by size. These primers
are listed in Table 1. Sequencing results were then aligned, com-
bined and analyzed using MacDNASIS (Hitachi software) along
with Multalin (http://prodes.toulouse.inra.fr/multalin/multa-
lin.html). The resulting sequence has been submitted to GenBank
(Accession No.: DQ641252).

2.4. Cultured liver slices (in vitro studies)

Liver was removed from female goldfish, washed in media and
cut by scalpel into 1–3 mm3 pieces for culturing. Under a sterile
hood, the pieces were washed several times with culture medium
solution (M199, Sigma). The liver pieces were added in equal
amounts (approximately 50 mg) to each well of a 24 well plate
and a total of 2 mL of fresh culture media was added. Tissue slices
were allowed to acclimatize at room temperature with access to
ambient air for 2 h, after which the indicted concentrations of
growth hormone were added, with equal volume of distilled water
(dH2O) being added to the control group. Twelve hours after the
addition of the hormone, the media was discarded and the tissue
pieces from each well were harvested for total RNA extraction
using a modified protocol from Chomcyzski and Sacchi (1987). To-
tal RNA was quantified and mRNA levels analysed by Northern Blot
and semi-quantitative RT-PCR.

2.5. Probe synthesis and Northern analysis of vitellogenin

A probe (614 bp) for goldfish Vg was synthesized using a PCR ap-
proach. Primers, designed to flank a possible intron, were as follows:
[50-AGTCAACAGCAAGGTTCACC-30] and [50-CTTCCATCTGGGCAG-
CACC-30]. PCR conditions were similar as described for the initial iso-
lation of goldfish Vg, with the exception of the annealing time being
set at 30 s and extension time at 45 s. The PCR products were run on
1% agarose gels stained with ethidium bromide. The resulting frag-
ment was gel purified and its identity confirmed by sequencing.
Northern blot analysis was used to quantify Vg mRNA as described
previously (Klausen et al., 2005). As an internal control, membranes
were stripped and rehybridized with a probe for the house keeping
gene, 18S ribosomal RNA. The autoradiograms were scanned and
quantified using computer densitometry (NIH Image).

2.6. Semi-quantitative RT-PCR for GHR

Using the same control group total RNA which was used in
Northern blot analysis, we analysed whether or not the effects
(or lack thereof) of rGH were due to seasonal changes in the mRNA
levels of the growth hormone receptor. Reverse transcription was
performed using M-MLV reverse transcriptase enzyme as directed
by the manufacturers protocol (Invitrogen). Semi-quantitative PCR
was preformed as described previously (Nelson and Habibi, 2006).
Primers for the GHR [50-CTCTCTCTTGCTCAGTCTGC-30 and 50-
ATGGGCATGGTTGGCATTGC-30] were used with the following cy-
cling conditions: 94 !C 2 min, 35 cycles of 94 !C for 30 s, 57 !C for
30 s and 72 !C for 30 s, followed by a final extension at 72 !C for
5 min; 18S rRNA was also amplified as an internal control.

2.7. Statistical analysis

The results are presented as the mean ± the standard error of
the mean (SEM), and were analyzed using one-way analysis of var-
iance with multiple comparisons of the means using the student
Newman–Keul’s test only when statistical variance was found with
ANOVA single factor test of variance (p < 0.05).

3. Results

3.1. Cloning and purification of the goldfish vitellogenin cDNA
fragment

The original PCR amplicon was sequenced with all of the prim-
ers listed in Table 1. Overlapping regions in the sequences obtained
allowed for alignment and compilation to obtain a sequence of
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4139 bp. This sequence has been deposited in GenBank (Accession
No.: DQ641252). With the exception of 4 amino acids at the N-ter-
minus, the goldfish sequence we provide here includes the entire
coding region (1348 amino acids) and 90 bases of the 30 UTR, when
compared to the sequence for carp. The deduced amino acid se-
quence had a highly conserved lipoprotein N-terminal domain
and the entire sequence had a high similarity to Vg sequences from
other species as well as human apolipoprotein B (Table 2).

3.2. Growth hormone regulation of Vg

In September goldfish contains ovaries at early stages of recru-
descence with very low level of circulating estrogen. All three
doses of rGH tested (0.1, 1.0 and 10 nM) significantly increased
Vg mRNA expression when compared to the control group
(p < 0.05) (Fig. 1). In February, goldfish contains ovaries at mid to
late stages of recrudescence and fish are approaching late stages
of vitellogenesis with relatively high levels of circulating estrogen.
In February, treatment with rGH-I did not affect Vg mRNA levels
(Fig. 1). In June, when goldfish were in their post-spawning stage,
and gonads were found to be regressed, there was also no signifi-
cant effect of rGH-I on goldfish liver Vg mRNA level in post-spawn
goldfish with regressed gonads obtained in June (Fig. 1). These dif-
ferences in response to GH lead us to test the hypothesis that the
receptor for GH (GHR) may be responsible for the observed
response.

3.3. Growth hormone receptor mRNA level

To test the hypothesis that differences in GHR levels may influ-
ence the GH-induced Vg expression, GHR mRNA level in the exper-
imental control groups (treated with 0 nm rGH) was estimated in
goldfish at different reproductive stages, using semi-quantitative
RT-PCR. Liver samples from February (mid recrudescence) and June
(post-spawn) had significantly lower GHR transcript than liver
samples obtained from fish in September (early recrudescence)
(Fig. 2A). Furthermore, treatment of goldfish liver in September

(early recrudescence) resulted in significant increase in GHR mRNA
level compared to control (0 nM) (Fig. 2B). No significant changes
were observed in the GHR mRNA level in liver samples obtained
from goldfish at either mid-late (February) or post-spawned (June)
stages of reproduction (June) (Fig. 2B).

4. Discussion

The purpose of this study was to investigate the role of GH in
vitellogenesis. To achieve this, we first sequenced a large fragment
of goldfish Vg cDNA. The deduced amino acid sequence is highly
similar (88%) to the Vg sequence of a closely related cyprinid fish,
the carp (Table 2). Sequence analysis reveals a Lipoprotein N-ter-
minal domain, which is highly conserved with the human apolipo-
protein precursor. We next verified that as with other species,
goldfish Vg mRNA increases with treatment of estradiol (data not
shown). This experiment also validated our probe cDNA for use
in future studies.

Treatment of liver with rGH (Marchant et al., 1989; Marchant
and Peter, 1986; Peter and Marchant, 1995) significantly increased
Vg transcript levels in goldfish at the stage early gonadal recrudes-
cence (September). However, treatment of liver in goldfish at mid
to late stages of recrudescence or gonad regressed, was without ef-
fect on Vg mRNA levels. This is consistent with an earlier observa-
tion in which treatment with GH increased Vg secretion in pre-
spawning seabream, but not in spawning or post-spawning sea-
bream (Mosconi et al., 2002). To test the hypothesis that variation
in GH response is in part related to GHR level, we went on to mea-
sure GHR transcript levels by semi-quantitative PCR. The finding
demonstrate that GHR levels in liver are higher in fish at early
stages of gonadal recrudescence compared to those in late stage
of recrudescence or post-spawned gonad regressed stage. This sug-

Table 1
Primers used to amplify and sequence vitellogenin.

Name
(position)

Forward (50–30) Reverse (30–50)

Original
forward

CAAACCATCAGCCATGAGAGC

Original
reverse

ATTAGTGTAACATCACAGCAGTGG

149 ATGCAACAGCAAGGTTCACC
647 GCAGGAGATTTCAGAAGAGC
1422 TTGGCTCTTAAAGTTCTGGG
2055 GGTCTTCTGAAATCTCCTC
2559 TGATGGGAGTGAACACTGCC
3803 CATGGCGGCTTTCCAGGCGG
741 GGTGCTGCCAGATGGAAG
2055 GCAGGAGATTTCAGAGC

Table 2
Sequence similarity of deduced amino acid sequence of goldfish vitellogenin with
other species.

Species Identities Gaps Percent
similarity (%)

Goldfish – 100
Carp 1198/1349 1 88
Zebrafish 1060/1358 10 78
Fat head minnow 1131/1349 15 83
Xenopus (type A2) 408/1045 39 37
Chicken 394/1089 33 36
Human apolipoprotein B100 precursor 184/889 105 20
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Fig. 1. Effect of rGH-I on Vg expression in the goldfish liver. In vitro: goldfish liver
slices were treated continuously with 0, 0.1, 1.0 and 10.0 nM rGH-I in culture
medium for 12 h at different seasonal points (September-gonadal recrudescence;
February-gonadal maturation; June-gonadal regression). Control group (0 nM) was
treated with equal volume of distilled H2O. Total RNA was extracted and 5 lg
loaded per lane for Northern analysis. Results (mean ± SEM., n = 4) are expressed
with respect to control. Statistical analysis by a one-way ANOVA followed by the
Student–Newman Keuls (SNK) multiple comparison of means test (different from
control value; *p < 0.05).
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gests that the observed differences in GH-induced Vg response
may, in part, be due to increased GHR levels. The results also dem-
onstrate that GHR is under homologous regulation in fish at early
stage of gonadal recrudescence, but not in animal at late stages
of reproduction or post-spawned stage. Factors involved in the reg-
ulation of GHR are poorly understood, although there some evi-
dence that diet and water temperature may also play a role in
regulation GHR level in teleosts (Gabillard et al., 2006).

In summary, the results demonstrate that GH regulate Vg
expression in goldfish depending on stages of reproduction in part

through regulation of GHR level in goldfish. The findings provide a
framework for better understanding of the role of GH in the control
of reproduction in fish and other non-mammalian vertebrates.
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Fig. 2. Effect of rGH-I on GHR expression in the female goldfish liver. In vitro:
goldfish liver slices were treated continuously with 0, 0.1, 1.0 and 10.0 nM rGH in
culture medium for 12 h at different seasonal points (September-gonadal recru-
descence; February-gonadal maturation; June-gonadal regression). Control group
(0 nm) was treated with equal volume of distilled H2O. Total RNA was extracted and
4 lg used for semi-quantitative RT-PCR. Results (mean ± SEM., n = 4) are expressed
with respect to control. (A) Differences in basal GHR expression at different
seasonal points. Statistical analysis by a one-way ANOVA followed by the Student–
Newman Keuls (SNK) multiple comparison of means test *p < 0.05 vs. September
group. (B) The effect of various doses rGH-I at different seasonal points. Statistical
analysis by a one-way ANOVA followed by the Student–Newman Keuls (SNK)
multiple comparison of means test where *p < 0.05 vs. control (0 nM).
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a b s t r a c t

Gonadotropin-inhibitory hormone (GnIH) inhibits gonadotropin release in birds and mammals. To inves-
tigate its role in teleosts, we examined the effects of synthetic goldfish (g)GnIH on pituitary LH-b and
FSH-b subunit, and gGnIH receptor (gGnIH-R) mRNA levels and LH secretion in goldfish. Intraperitoneal
injections of gGnIH increased pituitary LH-b and FSH-b mRNA levels at early to late gonadal recrudescence,
but reduced serum LH and pituitary gGnIH-R mRNA levels, respectively, at early to mid-recrudescence and
later stages of recrudescence. Static incubation with gGnIH elevated LH secretion from dispersed pituitary
cell cultures from prespawning fish, but not at other recrudescent stages; suppressed LH-b mRNA levels at
early recrudescence and prespawning but elevated LH-b at mid-recrudescence; and consistently attenu-
ated FSH-b mRNA in a dose-specific manner. Results indicate that in goldfish, regulation of LH secretion
and gonadotropin subunit mRNA levels are dissociated in the presence of gGnIH and dependent on
maturational status and administration route.

! 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Reproduction is controlled primarily through the hypotha-
lamic–pituitary–gonadal (HPG) axis in vertebrates. It is established
that gonadotropin-releasing hormone (GnRH) plays a pivotal role
in the control of reproduction in all vertebrates by stimulating
the synthesis and secretion of the hypophyseal gonadotropins,
luteinizing hormone (LH) and follicle-stimulating hormone (FSH)
that regulate gonadal sex steroid production and gametogenesis.
In addition to GnRH, the control of reproduction is known to
involve a number of other neuroendocrine factors including, amino
acids, biogenic amines, steroids and peptides that influence the
production and release of LH and FSH (Shupnik, 1996; Peter and
Yu, 1997; Yaron et al., 2003; Chang et al., 2009).

Recently, a class of amidated peptides with an arginine and
phenylalanine motif at the C-terminal end (known as RF-amide
peptides) has been shown to play a role in the control of reproduc-
tion and growth in vertebrate species (for reviews see (Tsutsui
et al. 2009, 2010). In vertebrates, neurons containing RF-amide
peptides project to the hypothalamic region close to the pituitary
gland, suggesting RF-amide peptides have hypophysiotrophic
actions (Tsutsui et al., 2000). Based on experiments carried out
on avian species, a group of RF-amides having the LPXRFamide
(X = L or Q) motif has been named RF-amide related peptides

(RFRP) or gonadotropin-inhibiting hormone (GnIH) because of
their abilities to inhibit LH and FSH release. Subsequently, inhibi-
tory action of these peptides on gonadotropin production and/or
release has been demonstrated in other vertebrates, including fish,
amphibian and mammals (for review see Tsutsui et al., 2010).

Comparative studies indicate that these LPXRFamide (X = L or
Q) variants form a group of GnIH orthologs that are conserved
among vertebrates (Sawada et al., 2002). In avian species, hypotha-
lamic GnIH neurons contain melatonin receptors and GnIH expres-
sion is directly regulated by melatonin derived from the pineal
gland and eyes (Ubuka et al., 2005). Pinealectomy combined with
orbital enucleation in quails reduced the production of GnIH,
whereas administration of melatonin to these birds caused a
dose-dependent increase in the expression and production of GnIH
(Ubuka et al., 2005; Chowdry et al., 2010). These and other studies
in mammals indicate that GnIH plays a role in seasonal regulation
of reproduction mediated by photoperiod (for review see:
Kriegsfeld et al., 2010).

Despite evidence suggesting a potential role as a negative regu-
lator of gonadotropin production and release, GnIH effects remain
controversial (for review see: Tsutsui et al., 2010). For example,
while most studies in rodent, primate, and bovine indicate that
GnIH can suppress basal and GnRH-stimulated LH release by direct
actions at the level of the pituitary, as well as by actions on hypo-
thalamic GnRH neurons (Kriegsfeld et al., 2010; Pineda et al.,
2010), intravenous (i.v.) injection of GnIH had no effects on LH
secretion in rats in another study (Rizwan et al., 2009). In birds,
GnIH inhibits the release of LH and FSH from cultured pituitary
cells of Japanese quail in vitro (Tsutsui et al., 2000) and reduces
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serum levels of LH in vivo in quail (Ubuka et al., 2006), song spar-
rows, and Gambel’s white-crowned sparrows (Osugi et al., 2004),
but not in Rufous-winged sparrow (Deviche et al., 2006). Further-
more, goldfish GnIH and its related peptides stimulate the release
of LH and FSH from cultured pituitary cells of sockeye salmon
(Amano et al., 2006). Thus, although GnIH likely participates in
the multifactorial control of reproduction, the exact physiological
effect of GnIH between and within vertebrate groups is still
unclear.

Among lower vertebrates, one of the best-characterized study
models of multifactorial control of seasonal reproduction is the
goldfish (for reviews see: Popesku et al., 2008; Chang et al.,
2009). In goldfish, similar to other vertebrates, three putative GnIH
sequences have been sequenced. Two of the putative goldfish
LPXRFamide peptides (X = L or Q), -1 and -2, lack the dibasic C-ter-
minal cleavage sequences often required for the formation of a ma-
ture peptide. Mass spectrometry analysis failed to detect GnIH-1
and -2, but LPXRFamide GnIH-3 (SGTGLSATLPQRF-NH2) was de-
tected in the goldfish hypothalamus (Sawada et al., 2002). In gold-
fish, GnIH neuronal cell bodies are localized in the posterior
periventricular hypothalamic area, and they project towards vari-
ous brain regions and to the pituitary through the lateral tuberal
region (equivalent to the arcuate nucleus of mammals; Sawada
et al., 2002). Studies in female goldfish have shown that intraperi-
toneal (i.p.) administration of the zebrafish GnIH peptide (LPXRFa
peptide-3) significantly reduced basal serum LH levels (Zhang
et al., 2010). These results suggest that unlike salmonids, GnIH
likely serves as an inhibitory hypophysiotropic regulator of
gonadotrope functions in goldfish but how native goldfish GnIH
acts is unknown.

In vertebrates, the G-protein coupled receptor for GnIH (GnIH-
R) was initially identified in Japanese quail and its mRNA was de-
tected in the pituitary and several brain regions (Yin et al., 2005).
Since then, GnIH-Rs (and subtypes) have been identified and char-
acterized in chicken (Ikemoto and Park, 2005), European starling
(Ubuka et al., 2008), humans (also referred to as GPR 147 or NPFF1)
(Ubuka et al., 2009), house sparrow (McGuire and Bentley, 2010),
and zebrafish (Zhang et al., 2010). In chickens, GnIH-R levels are
higher during the inactive reproductive stages and its levels are in-
versely related to GnRH type III receptor levels, and GnIH-R activa-
tion is most likely coupled via Gai, to inhibition of adenylyl cyclase
and cAMP production (Shimizu and Bédécarrats, 2010). However,
other than the aforementioned, very little is known regarding the
relationship between GnIH and GnIH-R, especially in teleosts.

In the present study, we investigated the effects of synthetic
goldfish GnIH-3 (abbreviated as gGnIH) on the pituitary LH-b and
FSH-b mRNA levels, and serum LH concentrations at different
stages of gonadal recrudescence in goldfish. We also investigated
the effects of gGnIH on goldfish pituitary GnIH receptor (gGnIH-
R) mRNA levels. The results provide novel information on the di-
rect and indirect effects of a native GnIH form on basal production
of LH and FSH in goldfish at different stages of gonadal recrudes-
cence in goldfish.

2. Materials and methods

2.1. Animals

Male and female goldfish were purchased from Aquatic Imports
(Calgary, AB) and allowed to acclimatize for a minimum of 4 days to
a maximum of 7 days in flow through tanks. Water temperature was
approximately 19 !C at the very beginning of gonadal recrudescence
(September/October), 14 !C at mid-recrudescence (December), and
16 !C in late recrudescence to prespawning (=sexually matured;
March) stages. Day/night light conditions were maintained at 12 h

light, 12 h dark for the acclimatization period during all seasons.
The goldfish were approximately 7–12 cm in length (2 years of
age), and their weight averaged 23 g. The goldfish were fed a com-
mercial diet of Nutrafin floating food pellets, as recommended by
the manufacturer. Fish were anesthetized in tricaine methanesulfo-
nate (MS-222, Sigma–Aldrich, USA), and decapitated prior to tissue
collection. Recrudescence, or gonadal stage, was assessed by visual
inspection of the gonads and the gonadal somatic index (GSI) of a
sample of the population. Early gonadal recrudescence GSI was cal-
culated to be approximately 1.5–3%, mid-gonadal recrudescence
GSI 5–6%, mid-late gonadal 7–8%, and late gonadal recrudence
was 8–12%. Tissues from both males and females were collected.
All protocols involving goldfish were approved by the appropriate
university animal care committees in accordance with the princi-
ples and guidelines of the Canadian Council on Animal Care.

2.2. Hormones

gGnIH or goldfish LPXRF-3 (SGTGLSATLPQRF-NH2) was synthe-
sized at the University of Calgary’s Peptide Services. gGnIH was
dissolved to the desired concentration in phosphate buffered saline
(PBS) for in vivo experiments and in culture media for in vitro
experiments.

2.3. Primary pituitary cell culture

Goldfish were anesthetized, euthanized, and pituitaries excised
and dispersed using a modified trypsin-DNase protocol (Klausen
et al., 2002). In brief, pituitaries were placed in dispersion medium
(medium 199 with Hanks’ salts, 25 mM HEPES, 2.2 g/l NaHCO3,
0.3% BSA, 100,000 U/l penicillin, 100 mg/l streptomycin, pH 7.2;
Gibco), diced into fragments, and treated sequentially with trypsin
(25 000 U/ml), trypsin inhibitor (25,000 U/ml), DNase II (0.01 mg/
ml), 2 mM EGTA, and 1 mM EGTA. The fragments were dispersed
by gentle trituration in Ca2+-free HBSS (Hank’s balanced salt solu-
tion) with 25 mM HEPES, 2.2 g/l NaHCO3, 0.3% BSA, 100,000 U/l
penicillin, 100 mg/l streptomycin (pH 7.2). Cell yield and viability
were determined using trypan blue exclusion, and the cells were
resuspended in culture medium (medium 199 with Earle’s salts
25 mM HEPES, 2.2 g/l NaHCO3, 100,000 U/l penicillin, 100 mg/l
streptomycin, pH 7.2; Gibco). The cells were plated in 6-well Fal-
con Primaria plates (VWR, Edmonton, Alberta, Canada) at a density
of 1 million cells/ml of culture medium and allowed to settle for
2 h at 28 !C, 5% CO2 with saturated humidity. Horse serum was
then added to a final concentration of 1% and the cells were al-
lowed to recover overnight (approximately 14–16 h). Cells in static
incubation cultures were treated continuously with stimuli for
12 h. At the end of incubation, media samples were removed,
and cells were used for RNA extraction (see Section 2.5 below).
Each experiment was repeated two times (separate cell prepara-
tions) with four replicate wells per cell preparation.

2.4. Injection experiments

Goldfish were lightly anesthetized with MS-222 (200 mg/l)
prior to injection. gGnIH was dissolved in 1X PBS. Goldfish were
each injected twice, first at time 0 h (07:00), and later at 12 h
(19:00). This protocol was chosen based on previous in vivo studies
with GnRH where the first injection served as a priming treatment,
as it has been found that multiple GnRH injections progressively
increase and prolong serum LH response (Omeljaniuk et al.,
1989). At each injection time, each fish in the treatment group
was given an injection of 2 lg of gGnIH while controls were sham
injected with PBS. At 12 h post-second-injection (07:00), blood was
taken from the caudal vein and allowed to clot for collection of ser-
um samples (stored at !20 !C). Serum was later analyzed for LH
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(gonadotropin-II) levels using a well-established LH radioimmuno-
assay (RIA), as described by Peter and colleagues (Peter et al.,
1984). Pituitaries were also removed and stored at !80 !C for
RNA extraction. Two or three pituitaries from fish of similar gona-
dal recrudescence were pooled together to have sufficient total
mRNA levels in order to be detectable and concentrated enough
in the range of the efficiency for QPCR.

2.5. Pituitary RNA extraction

Total RNA was extracted using TRIzol Reagent (Invitrogen, Can-
ada) according to the manufacturer’s protocol. Total RNA was
quantified and the quality determined using Nanodrop (Thermo
Fisher Scientific) spectro-photometric readings at 260 and
280 nm. Four micrograms of total RNA was reverse transcribed in
a total volume of 18 ll, using an oligo-d(T) anchor and M-MLV re-
verse transcriptase (Invitrogen) according to the manufacturer’s
protocol. The resulting cDNA was diluted and stored at !20 !C
for use in quantitative real time PCR (QPCR).

2.6. Quantitative polymerase chain reaction

QPCR was conducted to determine the relative expression of
LH-b, FSH-b and goldfish (g)GnIH-R mRNA levels from pituitary
samples. b-actin was used as an internal control. Primers for LH-
b and FSH-b QPCR were designed with reference to the known
goldfish sequences. Primers for gGnIH-R were designed based on
our partial sequence (GenBank Accession JN204438), which was
obtained by 30 RACE (Rapid Amplification of cDNA ends) using
SMART RACE kit (Clontech Laboratories, Inc.). All forward and re-
verse primers used are listed in Table 1.

PCR amplification was conducted using a BIO-RAD iCycler iQ
Multicolor Real-Time PCR Detection System (Bio-Rad, USA) and
iQ™ SYBR Green Supermix (Bio-Rad, USA), according to the manu-
facturer’s instructions. Briefly, the conditions per well were:
12.5 ll SYBR Green PCR Master Mix (Qiagen Mississauga, Canada),
1 ll of diluted cDNA, 6.25 mM of each primer and Ultrapure dis-
tilled water (Invitrogen) to a total volume of 25 ll. QPCR was car-
ried out as follows: initial denaturation at 95 !C for 5 min; 35
cycles of denaturation at 95 !C for 10 s, annealing at 60 !C for
40 s for LH-b, FSH-b, and gGnIH-R. Each experimental sample
was run in triplicate to ensure consistency. Samples were also
measured for b-actin expression using the same cycling protocol
with the exception that annealing was carried out at 57 !C. LH-b,
FSH-b and gGnIH-R data are normalized by expressing as the
change with respect to the corresponding b-actin calculated
threshold cycle (Ct) levels. All mRNA expression data for treatment
groups are compared to controls values similarly normalized to
b-actin levels and at the same reproductive state.

To ensure that the primers amplified a single product, we per-
formed a melt curve for every QPCR plate. All primers used were
shown to amplify only one size of template, melting at only one
temperature (data not shown). PCR products were also confirmed
by sequencing (University of Calgary Core DNA services) (data
not shown). The efficiencies of the reactions were determined by

performing the QPCR on serial dilutions of cDNA. The efficiencies
were found to be as follows: b-actin, 98.6%; LH-b, 93.8%; FSH-b,
102.8%; gGnIH-R, 94.2%.

2.7. Statistical analysis

The results are presented as the mean ± the standard error of
the mean (S.E.M.). Statistical analyses were performed on log-
transformed data using one-way analysis of variance (ANOVA)
with multiple comparisons of the means using the Tukey’s test
only when ANOVA revealed the presence of statistical significant
differences between groups (p < 0.05).

3. Results

3.1. Seasonal effects of gGnIH on pituitary LH-b and FSH-b subunit
mRNA levels and circulating LH levels in goldfish, in vivo

In order to understand the physiological effects of GnIH on
gonadotrope functions, we first examined the effects of i.p. injec-
tion of gGnIH (2 lg/fish, two injections, 12 h apart) on serum LH
levels in goldfish at four different times of the gonadal recrudes-
cence cycle. In fish with gonads at early (October) and mid-recru-
descence (December), serum LH levels were significantly lower at
12 h post-second-injection in the gGnIH-treated group compared
to controls; however, serum LH did not differ between controls
and gGnIH-injected fish with gonads at mid- to late recrudescence
(February) and at late recrudescence/prespawning stages (March)
(Fig. 1). To evaluate if changes in serum LH levels corresponded
with effects on gene expression in the pituitary, we used QPCR to
measure relative changes in LH-b subunit levels (Fig. 1). In contrast
to the changes in serum LH levels, pituitary LH-b subunit mRNA
contents were significantly elevated in gGnIH-injected fish at early,
mid-, and mid- to late gonadal recrudescence as compared to con-
trols. At late recrudescence/prespawning stages, pituitary LH-b
subunit mRNA levels were not altered at 12 h after the last gGnIH
injection. These results suggest that in vivo applications of gGnIH
had opposing effects on serum LH level and pituitary LH gene
expression at early and mid-recrudescence but the ability of gGnIH
to affect these parameters were not observed as goldfish ap-
proached completion of gonadal recrudescence and spawning.

We also investigated the effect of GnIH on the other gonadotro-
pin, FSH. Since a FSH RIA is not available for goldfish, we only mea-
sured the FSH-b subunit mRNA level in the pituitary. Similar to
results with LH-b expression at early, mid-, and mid- to late recru-
descence, the levels of pituitary FSH-b expression were signifi-
cantly elevated in gGnIH-injected fish compared to controls in
these stages (Fig. 1). Interestingly, the greatest enhancement of
FSH-b expression in the goldfish pituitary following injection of
gGnIH, a 14-fold increase, was observed at late recrudescence/
prespawning, a time when LH-b mRNA levels was unaffected by
gGnIH (Fig. 1). These results suggest that gonadal maturational
influences differentially modulate in vivo effects of gGnIH on LH-
b and FSH-b subunit mRNA expression.

Table 1
Quantitative real-time PCR primer sequences.

GENE Forward primer (50–30) Reverse primer (30–50)

LH-b ACAGACCACCATCTGCAGCG CTGGCAAGCGGACAGTCTCGTAG
FSH-b CACAATTGACACCACTGCCTGTGC CTCGTAGGTCCATTCTCTTGAAGTTACA
GnIH-R GCTCATGCTGCGACCGATTAC TGAAGTTCTCGTTAAGTAGCC
b-actin CCTCCATTGTTGGCAGACC CCTCTCTTGCTTTGACCCTC
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3.2. Seasonal effects of gGnIH on goldfish pituitary gGnIH-R mRNA
levels, in vivo

Goldfish pituitary expressed gGnIH-R mRNA at all times of the
seasonal reproductive cycle examined and basal expression did
not vary significantly among the four sampling times (Fig. 2A).
Administration of 2 lg of gGnIH had no effect on the mRNA levels
of gGnIH-R during early and mid-recrudescence, but significantly
reduced gGnIH-R mRNA levels at mid-late and late recrudescent
stages relative to controls (Fig. 2B).

3.3. Seasonal effect of GnIH on LH-b and FSH-b subunit mRNA levels
and LH secretion in goldfish, in vitro

In vivo actions of gGnIH potentially involve a combination of
direct and indirect effects on the pituitary. To gain insight into
the direct effects of gGnIH on gonadotropin release and production
at the level of the pituitary, we tested the dose-related effects of
GnIH in static primary goldfish pituitary cell cultures and

measured LH release, as well as LH-b and FSH-b subunit mRNA lev-
els. These in vitro experiments were conducted at three different
time points of gonadal development: early (September to October),
mid-(December), and late recrudescence/prespawning (March), to
complement the above in vivo studies.

During early gonadal recrudescence, FSH-b and LH-b subunit
mRNA expression in the pituitary were significantly lower in the
10 and 100 nM gGnIH-treated groups relative to controls. How-
ever, 1–100 nM gGnIH had no effects on the amount of LH released
into the media (Fig. 3).

During mid-gonadal recrudescence, gGnIH also had no effects
on LH release but affected FSH-b and LH-b subunit mRNA
expression in pituitary cells differentially (Fig. 4). FSH-b subunit
expression at this gonadal stage was lower in all three gGnIH
dose-treatment groups (1–100 nM) than in controls. In contrast,
LH-b subunit mRNA levels were elevated by 1 nM gGnIH while
higher concentrations had no effects (Fig. 4).

In pituitary cells from fish with gonads at late recrudescent/
prespawning, gGnIH dose-dependently reduced the expression of
FSH-b and LH-b mRNA with significant suppressions observed at
100 nM for FSH-b and 10 and 100 nM for LH-b (Fig. 5). Unlike the
results at early and mid-recrudescence, gGnIH significantly ele-
vated LH release in a dose-dependent manner, and with significant
differences observed at 10 nM compared to controls (Fig. 5).

These in vitro results indicate that while the direct effects of
gGnIH on FSH-b subunit expression are consistently inhibitory,
gonadal maturation status influence the direct pituitary effects of
gGnIH on LH-b gene expression and LH release.
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Fig. 2. Seasonal changes in (A) basal pituitary gGnIH-R mRNA levels and (B) gGnIH
effects on GnIH-R expression, in vivo. Six pooled pituitary samples from each of the
control and treatment groups at each reproductive season in experiments presented
in Fig. 1 were analyzed for gGnIH-R transcript abundance by QPCR. Expression
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percentage of control values (mean ± SEM). Control groups were normalized to
100%. Data from the GnIH treatment group was compared to the corresponding
control group from the same season. Different letters denote statistical significant
differences (ANOVA followed by Tukey test, p < 0.05).
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Fig. 1. Seasonal effects of gGnIH on serum LH and pituitary LH-b and FSH-b subunit
mRNA levels, in vivo. Goldfish of mixed sex were injected with gGnIH at early
recrudescence (October), mid-recrudescence (mid, December), mid- to late (mid-
late) recrudescence (February), and late recrudescence (March). Goldfish were
injected twice with 2 lg gGnIH, at time 0 and 12 h; PBS-injected fish served as
controls. Pituitaries and blood samples for serum collection were removed at 24 h.
Serum LH values were analyzed by RIA (mean ± SEM; controls, n = 11–27 from
control groups from the various seasons; gGnIH-treated, n = 11, 12, 13 and 27 for
early, mid-, mid-late, and late, respectively). Abundance of pituitary transcripts was
determined by QPCR. LH-b and FSH-b mRNA values were normalized against b-
actin mRNA and expressed relative to controls (mean ± SEM; controls, n = 5–7 from
control groups pooled from the various seasons; gGnIH-treated, n = 7, 5, 7 and 5 for
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100%. Data from the GnIH treatment group was compared to the corresponding
control group from the same season. Different letters denote statistical significant
differences (ANOVA followed by Tukey test, p < 0.05). Tissues from fish that did not
resemble the necessary gonadal stage were not used.
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4. Discussion

Since the discovery of GnIH as a negative regulator of pituitary
gonadotropin secretion in a number of vertebrate species, re-
search on its role in the HPG axis has been mainly focused on
avian and mammalian species, and in particular, the localization
and expression of GnIH under different reproductive and neuroen-
docrine conditions (Tsutsui et al., 2000). However, very little is
understood about the effects of GnIH at the level of gonadotropin
gene expression, and even less about its involvement in the HPG
axis of teleosts aside from one study each in salmonid (Amano
et al., 2006) and in goldfish (Zhang et al., 2010) using heterolo-
gous GnIH peptides. To further understand the role of GnIH in tel-
eosts, we have examined the effects of a native gGnIH on goldfish
LH-b and FSH-b subunit mRNA levels and LH secretion using a
combined in vivo and in vitro approach, and for the first time
the influence of gonadal maturation status on GnIH effects in tel-
eosts, including the influence of in vivo GnIH treatment on pitui-
tary GnIH-R gene expression. Intriguingly, we have shown that
while gGnIH does not inhibit LH release from pituitary cells
in vitro, it has the ability to reduce LH serum levels in goldfish
in vivo, and that this inhibitory response is highly seasonal and
dependent on the gonadal maturation stage of the organism.
The presence of gGnIH-R mRNA in goldfish pituitary extract indi-
cates that gGnIH effects are potentially mediated, in part, through
these receptors. We have also shown that gGnIH affects both LH-b

and FSH-b subunit, as well as gGnIH-R, expression in a seasonally
dependent manner.

In goldfish, injecting gGnIH greatly reduces the levels of circu-
lating LH by almost half during early and mid gonadal recrudes-
cence. This is consistent with the general consensus that GnIH
inhibits LH release in vertebrate and is consistent with the recent
findings in goldfish using zebrafish GnIH (Zhang et al., 2010). On
the other hand, gGnIH had no effect on LH release from goldfish
pituitary cell cultures in static incubation in vitro at the same go-
nad maturational stage. Thus, the ability of gGnIH to reduce serum
LH levels in goldfish with gonads at early to mid-recrudescence ap-
pears not to be mediated by direct gGnIH inhibitory actions on LH
release from pituitary cells.

How these indirect effects are manifested remain to be studied
but possibilities exist. GnRH-I and -II neurons are known to express
GnIHRs in European starlings and GnIH suppresses GnRH neuronal
activities (Ubuka et al., 2008). Furthermore, activation of GnIHRs
on chicken and ovine pituitary cells attenuates GnRH post-receptor
signaling (Shimizu and Bédécarrats, 2010; Sari et al., 2009). In
addition, GnIHRs have been identified in the gonads of chickens
(Maddineni et al., 2008a). In teleosts, hypothalamic neurons,
including GnRH neurons, directly innervate the adenohypophysis
and these hypothalamic neuronal terminals are outside of the
blood-brain barrier (Bhute et al., 2007). It is likely that in vivo
application of gGnIH lowers serum LH levels in goldfish by a com-
bination of inhibitory influences on GnRH secretion and post-
receptor action on LH cells, as well as by modulation of gonadal
steroid feedback on pituitary LH release.
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Fig. 3. The in vitro dose-related effects of gGnIH on LH release and mRNA levels of
LH-b and FSH-b in primary cultures of dispersed goldfish pituitary cells prepared
from fish at early gonadal recrudescence (September–October). After 12 h of
treatment, a media sample was removed for LH levels analysis via RIA, and the RNA
from the cells extracted for transcript abundance. FSH-b and LH-b transcript
abundance were determined by QPCR and the results normalized against b-actin
and expressed as a percentage of control values (mean ± SEM; n = 8 from two
independent cell preparations). Control groups were normalized to 100%. Data from
the GnIH treatment group was compared to the corresponding control group from
the same season. Different letters denote statistical significant differences (ANOVA
followed by Tukey test, p < 0.05).
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Fig. 4. The in vitro dose-related effects of gGnIH on LH release, and mRNA levels of
LH-b and FSH-b in primary cultures of dispersed goldfish pituitary cells prepared
from fish at mid gonadal recrudescence (December). After 12 h of treatment, a
media sample was removed for LH levels analysis via RIA, and the RNA from the
cells extracted for transcript abundance. FSH-b and LH-b transcript abundance were
determined by QPCR and the results normalized against b-actin and expressed as a
percentage of control values (mean ± SEM; n = 8 from two independent cell
preparations). Different letters denote statistical significant differences (ANOVA
followed by Tukey test, p < 0.05).
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Despite being able to reduce serum LH levels at times when the
gonads are at earlier stages of recrudescence, in vivo gGnIH admin-
istration has little to no effect as the goldfish approach late gonadal
recrudescence and prespawning stages. At these gonadal stages,
in vitro gGnIH application actually increased LH secretion from dis-
persed pituitary cells. These observations indicate that receptors
for gGnIH are present in goldfish pituitary cells, an idea not at var-
iance with the presence of gGnIH-R mRNA expression in goldfish
pituitary extracts revealed in this study and supported by the
localization of GnIH-Rs on gonadotropes of avian species and hu-
mans (Maddineni et al., 2008b; Ubuka et al., 2009). In addition,
the in vitro ability of gGnIH to stimulate LH release also reinforces
the idea that in vivo actions of gGnIH on LH secretion involve com-
plex interactions with other neuroendocrine regulatory mecha-
nisms. Just as importantly, these data on pituitary LH release and
serum LH levels demonstrate the presence of seasonal effects of
GnIH in teleosts. That gGnIH can stimulate LH release by direct ac-
tion at the level of goldfish pituitary cells is surprising since GnIH
has repeatedly been shown to inhibit LH secretion from pituitary
cells in many vertebrate model systems (reviewed in Bentley
et al., 2010; Tsutsui, 2009, 2010). How the stimulatory gGnIH ac-
tion on LH release is manifested is unknown but this effect is not
without precedent. gGnIH and its related peptides have been
shown to increase serum LH levels in sockeye salmon (Amano
et al., 2006).

It should be noted that in the present study, goldfish were accli-
mated for approximately 4 days in 12 h light:12 h dark for after
transfer from ponds to the lab. At most, the difference between

natural photoperiod did not exceed 2 h. Previous studies in salmo-
nids and goldfish have demonstrated that greater shift in photope-
riod for much longer period of time (6 weeks) would be needed to
change reproductive function (Bromage et al., 1993; Hontela and
Peter, 1983). Furthermore, findings from studies on short term ef-
fects of changes in photoperiod studying melatonin and gonado-
tropin release also suggest that changes in photoperiod of 2 h for
4 days is not likely to significantly alter pituitary response (Peter,
1979). Based on the information available, the observed actions
of GnIH is not likely to be explained by changes in melatonin levels
and photoperiod during the short period of acclimatization.

Results from our experiments also provide novel insights into
the effects of GnIH on LH-b and FSH-b mRNA expression. Consis-
tent with known results in quail and ovine pituitary cells (Ubuka
et al., 2006; Sari et al., 2009), in vitro application of gGnIH reduced
LH-b subunit mRNA levels in goldfish pituitary cells at early and
late gonadal recrudescence and FSH-b mRNA at early, mid- and late
gonadal recrudescence. However unexpectedly, gGnIH increased
LH-b mRNA expression in goldfish pituitary cells when applied
in vitro at mid-recrudescence, as well as elevated goldfish pituitary
LH- and FSH-b mRNA levels in early, mid- and late recrudescence,
and FSH-b mRNA at late recrudescence/prespawning stages when
applied in vivo. How gGnIH directly stimulates LH-b mRNA levels
by pituitary actions is unknown but the overall dichotomy be-
tween in vitro and in vivo effects suggest that the in vivo ability
of gGnIH to enhance LH-b and FSH-b subunit mRNA levels during
early to late recrudescence must be due to indirect effects through
actions on and/or interactions with other neuroendocrine factors.

Previous studies in chickens have shown that GnIH-R levels are
significantly higher in pituitary of sexually immature chickens,
compared to their sexually mature counterparts (Maddineni et al.,
2008b). Additionally the same study found that administration of
estradiol or estradiol in combination with progesterone suppressed
expression of pituitary GnIH-R. Hence, gonadal steroids and other
neurohormones may down-regulate GnIH-R expression and hence
remove the inhibitory signal at the level of the pituitary, allowing
for increased LH secretion needed during sexual maturation.

Surprisingly, in direct contrast with the aforementioned sea-
sonal reproductive change in pituitary GnIH-R in birds, basal levels
of goldfish pituitary gGnIH-R mRNA do not show a significant var-
iation over the seasonal reproductive periods examined. Total pitu-
itary gGnIH-R mRNA levels can be negatively modulated by in vitro
applications of gGnIH, but only at times when the fish approach fi-
nal gonadal maturation in preparation for spawning. Whether
gGnIH injection downregulates pituitary gGnIH-R expression di-
rectly and/or indirectly is unknown and remains to be examined
in future studies. On the other hand, the ability of in vivo gGnIH
treatment to reduce pituitary gGnIH-R mRNA levels occurs at times
of year when the inhibitory effects of gGnIH on serum LH levels are
lost. We speculate that if the gGnIH-induced decrease in pituitary
gGnIH-R mRNA levels reflects reductions in gGnIH-R expression on
GnRH neuronal terminals within the goldfish adenohyophysis,
then the correlative seasonal changes in pituitary gGnIH-R mRNA
and serum LH measurements would suggest that the effects of
gGnIH to alter serum LH levels in vivo is mainly mediated through
suppression of GnRH release through activation of gGnIH-Rs on
GnRH nerve terminals in the pituitary.

In addition to general difference in in vivo and in vitro gGnIH-in-
duced changes in pituitary LH-b and FSH-b subunit mRNA levels,
our results reveal pronounced seasonal reproductive influence on
this parameter. Gonadal maturation status influenced: (1) the
magnitude of the change in LH-b and FSH-b subunit expression
in response to gGnIH injection (efficacy); (2) the minimal effective
gGnIH dose required to significantly suppress FSH-b subunit levels
in vitro (potency); and (3) whether gGnIH effects on LH-b subunit
expression in vitro is stimulatory or inhibitory (type of response).
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Fig. 5. The in vitro dose-related effects of gGnIH on LH release, and mRNA levels of
LH-b and FSH-b in primary cultures of dispersed goldfish pituitary cells prepared
from fish at late gonadal recrudescence (March). After 12 h of treatment, a media
sample was removed for LH levels analysis via RIA, and the RNA from the cells
extracted for transcript abundance. FSH-b and LH-b transcript abundance were
determined by QPCR and the results normalized against b-actin and expressed as a
percentage of control values (mean ± SEM; n = 8 from two independent cell
preparations). Different letters denote statistical significant differences (ANOVA
followed by Tukey test, p < 0.05).
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Likewise, gonadal maturational status affect whether gGnIH alters
in vitro LH release (see discussion above). How these seasonal
reproductive influences are manifested is at present unknown
but gonadal steroids likely plays a role. Estradiol treatments have
been shown to suppress pituitary GnIH-R expression in chicken
(Maddineni et al., 2008b). In female teleosts, circulating levels of
estradiol increases with gonadal recrudescence. This increase in
estradiol allows for the induction of the egg-yolk protein vitello-
genin, which is a crucial component required for follicle matura-
tion (Hori et al., 1979). It is reasonable to speculate that higher
levels of plasma estradiol at more advanced stages in gonadal mat-
uration and the projected resultant decrease in GnIH-R expression
in the pituitary and/or other gGnIH target neuroendocrine tissues
may have, in part, caused the observed changes in the magnitude
of the in vivo gGnIH effects on serum LH level and pituitary LH-b
and FSH-b subunit expression, as well as the change in sensitivity
of the in vitro FSH-b subunit expression response to gGnIH. How-
ever, the switch from inhibitory effects on in vitro LH-b mRNA
expression in early and late recrudescence/prespawning to a stim-
ulatory effect at mid-recrudescence cannot be explained merely by
steroid-induced changes in GnIH-R number and furthermore, a
seasonal change in basal pituitary gGnIH-R mRNA is not seen in
the present study. Currently very little is known about the involve-
ment of the GnIH-R and post-receptor signal coupling in gonado-
tropin gene expression. In chickens, GnIH-R is coupled to Gai, and
its stimulation inhibits adenylyl cyclase, which reduces intracellu-
lar cAMP levels (Shimizu and Bédécarrats, 2010). GnRH-induced
increase in LH-b and FSH-b subunit expression in mammals, birds
and fish is mediated in part by adenylyl cyclase/cAMP (Yaron et al.,
2003; Zeng et al., 2005; Shimizu and Bédécarrats, 2010). If gGnIH-
Rs on goldfish gonadotropes are similarly coupled to Gi, this may
provide the mechanism by which in vitro gGnIH application re-
duces goldfish gonadotropin subunit expression at most times of
the seasonal reproductive cycle but not gGnIH’s ability to increase
LH-b subunit levels at mid-recrudescence. Interestingly, the study
by Shimizu and Bédécarrats (2010) also found that the ratio of
GnRH/GnIH receptors in the chicken pituitary gland changes with
reproductive status. Whether the ratio of pituitary GnIH-Rs to
GnRH receptors in goldfish plays a role in mediating the sea-
sonal-dependent effects of gGnIH on gonadotropin subunit gene
expression, especially in vivo, remains to be explored. Furthermore,
understanding how the post-receptor signal transduction mecha-
nisms of these two receptor systems interact would be important
to clarify the control of gonadotropin synthesis by GnIH and GnRH
in goldfish.

Another potentially important functional property of gGnIH has
also been revealed. During early and mid-recrudescence, gGnIH
was found to stimulate LH-b expression, and yet inhibit LH serum
levels, in vivo. Paradoxically at late recrudescence, gGnIH stimu-
lated LH release but inhibited LH-b expression in vitro. These re-
sults reveal a remarkable ability of gGnIH to uncouple the
expression and secretion of LH. Uncoupling of LH expression and
secretion by other hormones has been seen before, such as in
gonadotrope cell lines (Henderson et al., 2008). Interestingly,
uncoupling of LH mRNA level, LH production and LH release in
goldfish pituitary cells have been associated with specific modula-
tions of pharmacologically distinct intracellular Ca2+ pools (John-
son et al., 2003). However, whether differential use of Ca2+

signaling mechanisms mediates the ability of gGnIH to dissociate
LH secretion and production in goldfish is unknown and remains
to be investigated. Unfortunately, we are unable to measure FSH
levels; hence, we are unable to judge whether the changes in the
expression levels of FSH-b mRNA correlate with FSH release. How-
ever, our findings show for the first time, a hormone that can dif-
ferentially regulate LH-b and FSH-b expression during late
gonadal recrudescence in vivo and at mid-recrudescence in vitro.

This is an important finding as very little is known about neuro-
peptides being able to differentially regulate gonadotropin hor-
mones. However, more experiments are necessary to elucidate
the mechanism(s) behind this differentiation, and the reason(s) it
only occurs at later stages of gonadal recrudescence and towards
the spawning stage. Mixed sex goldfish was used in the present
study since it would not be possible to determine sex of animals
before treatment. However, larger number of animals can be used
to separate male and female after treatments in future studies, and
it would be valuable to investigate sex-related response to GnIH at
different stages of gonadal recrudescence.

In summary, results from this study provided the first insight
into the influence of a native GnIH on gonadotrope cell functions,
in vivo and in vitro, in any teleost species. gGnIH is able to dissoci-
ate LH release from LH-b mRNA production and to differentially
modulate LH-b and FSH-b subunit gene expression. Differences
between the in vivo and in vitro effects indicate that gGnIH not only
have direct pituitary actions but also interacts with other neuroen-
docrine factors in the physiological regulation of gonadotrope cell
functions. Surprisingly, both stimulatory and inhibitory influences
of gGnIH on gonadotrope functions are revealed. Pronounced dif-
ferences in gonadotropin responses to gGnIH at different gonadal
maturational stages indicate that seasonal reproductive influences
are important modulators of gGnIH actions, as well as pituitary
sensitivity to gGnIH, and adds another dimension to the actions
of gGnIH as a neuroendocrine regulator of the HPG axis and repro-
duction, the complexity of which remains to be elucidated in
future studies.
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We have shown that native goldfish gonadotrophin inhibitory hormone (gGnIH) differentially

regulates luteinsing hormone (LH)-b and follicle-stimulating hormone (FSH)-b expression. To

further understand the functions of gGnIH, we examined its interactions with two native gold-

fish gonadotrophin-releasing hormones, salmon gonadotrophin-releasing hormone (sGnRH) and

chicken (c)GnRH-II in vivo and in vitro. Intraperitoneal injections of gGnIH alone reduced serum

LH levels in fish in early and mid gonadal recrudescence; this inhibition was also seen in fish

co-injected with either sGnRH or cGnRH-II during early recrudescence. Injection of gGnIH alone

elevated pituitary LH-b and FSH-b mRNA levels at early and mid recrudescence, and FSH-b
mRNA at late recrudescence. Co-injection of gGnIH attenuated the stimulatory influences of

sGnRH on LH-b in early recrudescence, and LH-b and FSH-b mRNA levels in mid and late recru-

descence, as well as the cGnRH-II-elicited increase in LH-b, but not FSH-b, mRNA expression at

mid and late recrudescence. sGnRH and cGnRH-II injection increased pituitary gGnIH-R mRNA

expression in mid and late recrudescence but gGnIH reduced gGnIH-R mRNA levels in late

recrudescence. gGnIH did not affect basal LH release from perifused pituitary cells and continual

exposure to gGnIH did not alter the LH responses to acute applications of GnRH. However, a

short 5-min GnIH treatment in the middle of a 60-min GnRH perifusion selectively reduced the

cGnRH-II-induced release of LH. These novel results indicate that, in goldfish, gGnIH and GnRH

modulate pituitary GnIH-R expression and gGnIH differentially affects sGnRH and cGnRH-II reg-

ulation of LH secretion and gonadotrophin subunit mRNA levels. Furthermore, these actions are

manifested in a reproductive stage-dependent manner.

Key words: gonadotrophin inhibitory hormone and RF amides, gonadotrophin production and
secretion, serum luteinising hormone, brain-pituitary axis, GnIH-receptor expression

doi: 10.1111/jne.12024

In vertebrates, reproduction is controlled primarily through the

integration of multiple signals along the hypothalamic-pituitary-

gonadal (HPG) axis. The classical hypothalamic hormone, gonadotro-

phin-releasing hormone (GnRH), plays a pivotal role in reproductive

development and maintenance by stimulating the expression and

secretion of the hypophyseal gonadotrophins (GTHs), luteinising

hormone (LH) and follicle-stimulating hormone (FSH). Many

isoforms of GnRH exist and 15 invertebrate and 15 vertebrate

structural variants have been identified to date (1). Many verte-

brate brains express two or more GnRH isoforms with chicken (c)

GnRH-II (or GnRH type 2) being one of the isoforms found in the

brain of a majority of vertebrates (1), although some mammals

such as rats, mice, cattle and chimpanzees, only possess a single

isoform of GnRH (GnRH1) with the gene for GnRH2 inactivated or

deleted (2).

In 2000, a hypothalamic RF-amide-type neuropeptide, gonadotro-

phin inhibitory hormone (GnIH), was found to have an inhibitory

effect on pituitary GTH secretion in the Japanese quail, suggesting

the presence of an inhibitory hypothalamic neuropeptide in the

control of the HPG axis (3). GnIH homologues have subsequently

been discovered in many vertebrate species, including fish, frogs,

birds, rodents, ovines, monkeys and humans (4–12). These and other

studies suggest a role for GnIH in the control of reproduction by

actions at the hypothalamus and pituitary levels (13).



 

282 

 

 

 

In the brain of birds and mammals, hypothalamic GnIH fibres are

in close contact with GnRH neurones (6,10,14,15) and GnIH is con-

sidered to modulate reproduction at the level of the hypothalamus

by interacting with GnRH neurones (16–18). For example, in sheep,

GnIH reduces basal pulsatile LH release in vivo (19), whereas GnIH

not only inhibits the firing of some GnRH neurones (approximately

41%), but also is capable of stimulating a small population (approx-

imately 12%) in mice (20). These results indicate that GnIH modu-

lates pulsatile GnRH secretion. In Australian zebra finches,

immunoreactive (-IR) GnIH and GnRH-I cells did not change in

number or size between reproductive and nonreproductive seasons,

with GnRH-II-IR cells being larger in breeding males, suggesting a

possible mechanism in which other neurotransmitters could possible

effect GnRH-II to effect the songbirds reproductive flexibility (21).

In addition, GnIH neurones project towards the median eminence

in many avian species and the pituitary express a G-protein coupled

GnIH receptor in all vertebrate species examined (GnIH-R; GPR147)

(12,22–26). In chickens, two GnIH-R subtypes have been found (27),

with one of the GnIH-R subtypes having higher levels during the

nonreproductive stages and its levels are inversely related to GnRH

type III receptor levels (28). These observations suggest that direct

GnIH action at the level of the pituitary is an integral component

in the neuroendocrine regulation of reproduction. In support of this

idea, GnIH inhibits GnRH-induced GTH subunit gene expression in

the Lb!2 mouse gonadotroph cell line and other mammalian and

avian study models (3,8,9,29,30). Furthermore, GnIH inhibits GnRH-

induced LH and FSH secretion in sheep in vitro (19).

Currently, little is known about the role of GnIH in lower verte-

brates such as fish. Additionally, what is known indicates that GnIH

actions in fish may be more complex than that generally accepted

for the higher vertebrates. For example, i.p. injections of goldfish (g)

GnIH stimulate expression of LH-b and FSH-b mRNA in the pitui-

tary during the early to late gonadal recrudescent stages; however,

inhibitory effects are observed in terms of circulating serum LH lev-

els and pituitary gGnIH-R mRNA levels during early to later stages

of recrudescence (26). Although the injection of zebrafish GnIH also

reduces serum LH levels in adult goldfish (25), static incubation of

primary goldfish pituitary cell cultures with gGnIH has no effect on

basal LH release during early and mid recrudescence and even ele-

vates LH secretion during the prespawning stage (26). Similarly,

application of gGnIH elevated LH and FSH release in salmon pitui-

tary cell cultures (31). Furthermore, in contrast with the in vivo
results, in vitro application of gGnIH suppresses LH-b mRNA levels

in goldfish pituitary cells at early recrudescence and prespawning

stages and consistently attenuates FSH-b mRNA in a dose-specific

manner (26). These findings indicate that, in teleosts such as the

goldfish, the effects of GnIH differ depending on the route of

administration and with the seasonal reproductive stage.

The relationship between GnIH and GnRH actions on gonado-

troph functions has not been examined in teleosts and needs to be

characterised to understand the possible actions of GnIH. Accord-

ingly, we examined the effects of gGnIH on GnRH effects on

gonadotroph functions at different points of gonadal recrudescence

in a combination of in vitro and in vivo experiments. Because both

native goldfish GnRH isoforms, salmon (s)GnRH (GnRH type 3) and

cGnRH-II, are released at the level of the pituitary (32), we utilised

both GnRH forms in the present study. In our first set of experi-

ments, we examined the effects of i.p. injection with synthetic

goldfish GnIH-3 (i.e. gGnIH), alone and in combination with GnRH,

on goldfish pituitary LH-b, FSH-b and gGnIH-R mRNA levels and

serum LH concentrations in vivo. Our second set of experiments

examined the direct effects of gGnIH alone and in the presence of

GnRH on LH release from perifused primary cultures of dispersed

goldfish pituitary cells. The results obtained showed that gGnIH

injections, applied either alone or co-injected with native forms of

GnRH, differentially regulated pituitary gene expression of LH- and

FSH-b subunits and pituitary GnIH-R levels, as well as modulated

circulating LH in goldfish. By contrast, neither acute, nor prolonged

gGnIH exposure in vitro directly altered basal LH release but selec-

tively modulated the cGnRH-II-induced LH secretion response.

Materials and methods

Injection studies

Animals

For each experiment, common goldfish (Carassius auratus) of mixed sex,

weighing an average of 23 g and 7–12 cm in length, were purchased from
Aquatic Imports (Calgary, AB, Canada) and allowed to acclimatise for

approximately 4 days. They were fed a commercial fish diet of Nutrafin
(Hagen, Baie d’Urfé, Québec, Canada) floating pellets in accordance with the

manufacturer’s instructions. Water temperature was approximately 19 °C
during early gonadal recrudescence (early October), 14 °C during mid-recru-

descence (December) and 16 °C in late recrudescence to prespawning
(= sexually matured; March) stages. Day/night light condition was consis-

tently maintained at a 12 : 12 h light/dark cycle during all seasons for the
short acclimatisation and experimental periods. Fish were anaesthetised in

tricaine methanesulfonate (MS-222; Sigma-Aldrich, St Louis, MO, USA;
200 mg/l) for all injections, as well as prior to tissue collection. The gonadal

or recrudescence stage of individual fish was assessed by visual inspection
of the gonads. The gonadal somatic index (GSI) of the fish in early recrudes-

cence was calculated to be between 1.5–3%, mid-gonadal recrudescence GSI
was 5–6%, and late gonadal recrudescence was 8–12%. Tissues from both

males and females were collected and analysis performed on mixed sex
samples. All protocols involving animals were approved by the appropriate

university animal care committees in accordance with the principles and
guidelines of the Canadian Council on Animal Care.

Hormones

Goldfish LPXRF-3, or gGnIH (SGTGLSATLPQRF-NH2) was synthesised by The

University of Calgary’s Peptide Services (Calgary). sGnRH and cGnRH-II were

purchased from American Peptide (Sunnyvale, CA, USA). Stock solutions of
gGnIH or GnRH were made up in phosphate-buffered saline (1 9 PBS) and

stored in aliquots at !20 °C until used.

Injection protocol

Prior to injection, goldfish were anaesthetised with MS-222. gGnIH and
GnRH were diluted in 1 9 PBS to the desired concentration (2 lg of gGnIH

or 4 lg of GnRH per 100 ll). Goldfish were each injected twice, first at
time 0 h, and later at 12 h based on the protocol established previously in

this laboratory (26), and earlier studies demonstrating that initial injection

© 2013 British Society for NeuroendocrinologyJournal of Neuroendocrinology, 2013, 25, 506–516
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with GnRH is necessary to induce a subsequent GnRH response in the
absence of dopamine antagonists (33). Each fish in the treatment groups

was either injected with 2 lg of gGnIH alone, 4 lg of sGnRH alone, 4 lg
of cGnRH-II alone or 2 lg gGnIH plus 4 lg of one of the GnRHs, whereas

controls were sham injected with 1 9 PBS (0 lg). At 2 h post-second-injec-
tion, blood was taken from the caudal vein and allowed to clot for collec-

tion of serum samples (stored at !20 °C). Serum was later analysed for LH
(GTH-II) levels using LH radioimmunoassay (RIA), as previously described by

Peter et al. (34). Pituitaries were removed following decapitation and stored
at !80 °C for RNA extraction.

Pituitary RNA extraction

Total RNA was extracted using Trizol Reagent (Invitrogen, Burlington, ON,

Canada) in accordance with the manufacturer’s instructions. Total RNA was
quantified and the quality determined using Nanodrop (Thermo Fisher Sci-

entific Inc., Waltham, MA, USA) spectrophotometric readings at 260 and
280 nm. Because of the low total RNA concentrations obtained from a sin-

gle pituitary, two or three pituitaries were pooled for RNA extraction,
which was subsequently used for quantitative real-time polymerase chain

reaction (qPCR). Four micrograms of total RNA was reverse transcribed in
a total volume of 18 ll, using an oligo-d(T) anchor and M-MLV reverse

transcriptase (Invitrogen) in accordance with the manufacturer’s instruc-

tions. The resulting cDNA was diluted fourfold and stored at !20 °C for
use in qPCR.

qPCR

qPCR was conducted to determine the relative expression of LH-b, FSH-b
mRNA and GnIH-R with b-actin used as an internal control, as previously
described using specific primers (Table 1) (26). QPCR amplification was con-

ducted using a Bio-Rad iCycler iQ Multicolour Real-Time PCR Detection Sys-
tem (Bio-Rad, Hercules, CA, USA) and iQTM SYBR Green Supermix (Bio-Rad)

in accordance with the manufacturer’s instructions. Briefly, the conditions
per well were: 12.5 ll of SYBR Green PCR Supermix, 1 ll of diluted cDNA,

6.25 lM of each sense and anti-sense primer, and Ultrapure distilled water
(Invitrogen) to a total volume of 25 ll. qPCR was carried out as: initial

denaturation at 95 °C for 5 min; 35 cycles of denaturation at 95 °C for
10 s, annealing at 60 °C for 40 s for LH-b, FSH-b and gGnIH-R. The same

cycling protocol was used for b-actin, with an annealing temperature at
57 °C. Each experimental sample was run in triplicate and averaged to

ensure consistency. qPCR results of genes of interest are normalised by
expressing as the change with respect to the corresponding b-actin calcu-

lated threshold cycle (Ct) levels. All data are compared to controls values
similarly normalised to b-actin levels.

To ensure that the primers amplified a single product, we performed a
melt curve for every qPCR plate. All primers used were shown to amplify

only one size of template, melting at only one temperature (data not
shown). Efficiencies ranged between 93% and 103% (26). All plates also had

a negative (no cDNA) control, which did not amplify. PCR products were

also confirmed by sequencing (University of Calgary Core DNA Services).

Statistical analysis for serum RIA and pituitary qPCR
results

The results are presented as the mean " SEM. Statistical analysis was per-

formed on log-transformed data using one-way ANOVA. When the ANOVA

showed the presence of a significant difference (P < 0.05) post-hoc multiple

comparisons of the means was performed using Tukey’s test (Prism statisti-
cal software; GraphPad Software, Inc., La Jolla, CA, USA).

Perfusion studies

Animals

Fish maintenance, handling and experimental procedures are approved by

the University of Alberta Biological Sciences Animal Care Committee in
accordance with the Canadian Council for Animal Care guidelines. Common

goldfish purchased through Aquatic Imports (Calgary, AB, Canada) were
maintained in flow-through aquaria (1800 l) at 17–18 °C under a simulated

Edmonton, AB, Canada photoperiod (times of graded light on and light off
adjusted weekly according to the time of sunrise and sunset). Fish were fed

to satiation daily at a scheduled feeding time with commercial fish food. All
animals were acclimated to the above conditions for at least 7 days prior to

use. Experiments involved the use of pituitaries from both male and female
fish in mid or late gonadal recrudescence.

Pituitary cell dispersion

Fish were anaesthetised by immersion in 0.05% MS222 (Syndel, Vancouver,
BC, Canada) and euthanised by spinal transection. Pituitaries were removed

and pituitary cells dispersed by trypsin/DNase treatment as described previ-
ously (35). Cell viability was checked using trypan blue dye exclusion and

viability was routinely better than 98%. Dispersed cells (approximately
1.5 9 105 cells per dish) were cultured on pre-swollen Cytodex-I beads

(perifusion; Sigma-Aldrich) at 28 °C, and under 5% CO2 and saturated
humidity in plating medium [Medium 199 with Earle’s salts (Gibco, Grand

Island, NY, USA), 1% horse serum, 25 mM HEPES, 26.2 mM NaHCO3,
100 000 U penicillin/l and 100 mg streptomycin/l, pH adjusted to 7.2 with

NaOH] (35).

Pituitary cell column perifusion experiments

Following overnight in culture, cell-bead mixtures were loaded into tempera-
ture controlled (18 °C) perifusion chambers (chamber volume 500 ll) and
then perifused with testing medium [Medium 199 with Hanks salts (Sigma-
Aldrich), 0.1% bovine serum albumin, 25 mM HEPES, 26.2 mM NaHCO3,

100 000 U penicillin/l and 100 mg streptomycin/l, pH adjusted to 7.2 with
NaOH] for 4 h at a rate of 15 ml/h to stabilise the basal LH secretion rate

before testing began (35). After this initial perfusion, experiments com-

menced with the collection of 5-min perifusate fractions. gGnIH, sGnRH and
cGnRH-II testing solutions were made up fresh by dilution of stock solutions

Table 1. Quantitative Real-Time Polymerase Chain Reaction Primer Sequences.

Gene Sense primer (5!- to 3!) Anti-sense primer (5!- to 3!) Genbank accession number

LH-b ACAGACCACCATCTGCAGCG CTGGCAAGCGGACAGTCTCGTAG AB015596

FSH-b CACAATTGACACCACTGCCTGTGC CTCGTAGGTCCATTCTCTTGAAGTTACA AB015483

GnIH-R GCTCATGCTGCTGACCGATTAC TGAAGTTCTCGTTAAGTAGCC JN204438

b-actin CCTCCATTGTTGGCAGACC CCTCTCTTGCTTTGAGCCTC AB039726

© 2013 British Society for Neuroendocrinology Journal of Neuroendocrinology, 2013, 25, 506–516
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in testing medium just prior to use. In the first experimental paradigm using
cells obtained from fish at mid gonadal recrudescence (December to Febru-

ary), a 1-h 100 nM GnRH treatment was applied starting at 30 min. The
total dead space of the system (approximately 1.5 ml) is such that the LH

response to GnRH stimulation should commence at the beginning of the
next 5-min fraction collected following the beginning of GnRH treatment.

The 10 nM gGnIH treatment was applied as a 5-min pulse at 55 min (i.e.
25 min into the GnRH application). For combination treatments, gGnIH solu-

tion was made up in 100 nM GnRH. A second, reverse combination treat-
ment paradigm, where a short 5-min GnRH pulse was applied 25 min into

a 1-h gGnIH treatment, was tested using cells obtained from fish at late
recrudescence/sexually matured (May to early June). Drug treatments were

applied using three-way valves. Perifusate fractions were stored at !20 °C
until being assayed for LH using a well-established RIA (33).

The LH values in the first five fractions collected (all obtained prior to
drug exposure) were averaged and taken as the basal rate of secretion (pre-

treatment) and LH release levels in individual columns were then expressed
as a percentage of pretreatment of the respective column. This normalisa-

tion allows for the pooling of LH-response data from different columns
without distorting the hormone release profile (35,36,37). The net LH

response to GnRH was quantified as the ‘area under the response curve
with baseline subtracted’ (net response = sum of the net change in release

value in each of the fractions collected over the quantification period; base-
line is defined as the average value of the three fractions prior to the quan-

tification period) (35,36). Responses in control columns (i.e. gGnIH alone or
GnRH alone, as appropriate) were similarly calculated as the ‘area under the

response curve with baseline subtracted’ over the same quantification time
period as that used in the combination treatment columns. All treatments

were replicated in four separate experiments using different cell prepara-

tions. The pooled results are presented as the mean " SEM. Statistical anal-
yses were performed using ANOVA followed by post-hoc Tukey’s. P < 0.05

was considered statistically significant.

Results

Seasonal effects of gGnIH on GnRH-induced pituitary LH-b
and FSH-b subunit mRNA levels and circulating LH levels
in goldfish in vivo

To determine the role of gGnIH in the control of gonadotroph func-

tions, we first examined the effect of i.p. injection of gGnIH (2 lg/
fish, two injections, 12 h apart, samples collected 2 h post-second

injection) in combination with the two native forms of GnRH,

sGnRH or cGnRH-II, on circulating serum LH levels, as well as LH-b
and FSH-b mRNA levels in the goldfish pituitary. Serum FSH levels

were not measured because of the lack of a functional goldfish

FSH immunoassay. In fish with gonads at early recrudescence (early

October), treatment with either sGnRH or cGnRH-II alone did not

significantly alter serum LH levels relative to controls; however,

gGnIH, applied either alone or in combination with GnRH, signifi-

cantly suppressed serum LH concentration (Fig. 1). Treatment with

gGnIH or GnRH alone significantly increased LH-b and FSH-b sub-

unit mRNA levels relative to controls; however, the stimulatory

effects of gGnIH and GnRH were not additive (Fig. 1). Instead, co-

injection of gGnIH with cGnRH-II resulted in LH- and FSH-b sub-

unit mRNA levels that were intermediate between either gGnIH or

cGnRH-II alone. On the other hand, co-injection of gGnIH with

sGnRH resulted in FSH-b subunit values that were not different

from those to either gGnIH or sGnRH alone, as well as a significant

reduction of the LH-b subunit response to a level not different

from controls (Fig. 1).

During mid gonadal recrudescence, treatment with gGnIH alone

caused a significant inhibition of serum LH, as well as significant

elevations in pituitary LH-b and FSH-b subunit levels, as in early

gonadal recrudescence (Fig. 2). Treatment with cGnRH-II alone, but

not sGnRH alone, significantly elevated serum LH, whereas co-injec-

tion with either GnRH prevented the gGnIH-induced inhibition of

circulating LH levels (Fig. 2). Treatment with sGnRH alone stimu-

lated both LH-b and FSH-b mRNA expression in the pituitary,

In vivo: early recrudescence
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Fig. 1. Effects of either goldfish (g) gonadotrophin inhibitory hormone

(GnIH), salmon (s) gonadotrophin-releasing hormone (GnRH) or chicken (c)
GnRH-II alone and co-treatment of gGnIH and GnRH on serum luteinising

hormone (LH) and pituitary LH-b and follicle-stimulating hormone (FSH)-b
subunit mRNA levels in vivo during early recrudescence (October). Goldfish

of mixed sex were injected twice with 2 lg of gGnIH and 4 lg of either
sGnRH or cGnRH-II, at time 0 and 12 h. Pituitaries and serum samples were

collected at 14 h (2 h post second injection). Serum LH values were analy-
sed by radioimmunoassay (mean " SEM; controls, n = 12). Abundance of

pituitary transcripts was determined by quantitative real-time polymerase
chain reaction. LH-b and FSH-b mRNA values were normalised against

b-actin mRNA and expressed relative to controls (mean " SEM; n = 6).
Control groups were normalised to 100% (26). Only serum and pituitary

samples from fish in the correct gonadal recrudescence state were used.
Different uppercase letters denote statistical significant differences between

treatment groups (ANOVA followed by Tukey’s test, P < 0.05).
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whereas cGnRH-II injection elevated LH-b mRNA levels (Fig. 2). By

contrast, co-injection of gGnIH with either sGnRH or cGnRH-II

resulted in LH- and FSH-b mRNA values that were not significantly

different from controls (Fig. 2).

During late recrudescence, gGnIH injections had no significant

effect on LH serum levels and LH-b subunit expression, but signifi-

cantly stimulated pituitary FSH-b subunit mRNA levels (Fig. 3). At

this stage of recrudescence, treatment with native GnRH alone sig-

nificantly stimulated serum LH levels, as well as pituitary LH-b and

FSH-b expression (Fig. 3). By contrast, when co-injected with

gGnIH, sGnRH and cGnRH-II failed to significantly increase pituitary

LH- and FSH-b mRNA, whereas cGnRH-II (but not sGnRH) still sig-

nificantly elevated serum LH (Fig. 3).

Effects of gGnIH alone, GnRH alone and in combination on
pituitary gGnIH-R mRNA levels in vivo

We also examined the effects of gGnIH and GnRH on gGnIH-R

mRNA expression in pituitary tissues obtained in the above experi-

ments as a first step in investigating how gGnIH receptor-mediated
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Fig. 2. Effects of either goldfish (g) gonadotrophin inhibitory hormone

(GnIH), salmon (s) gonadotrophin-releasing hormone (GnRH) or chicken (c)
GnRH-II alone and co-treatment of gGnIH and GnRH on serum luteinising

hormone (LH) and pituitary LH-b and follicle-stimulating hormone (FSH)-b
subunit mRNA levels in vivo during mid gonadal recrudescence (December).
Goldfish of mixed sex were injected twice with 2 lg of gGnIH and 4 lg of

either sGnRH or cGnRH-II, at time 0 and 12 h. Pituitaries and serum sam-
ples were collected at 14 h (2 h post second injection). Serum LH values

were analysed by radioimmunoassay (mean ! SEM; controls, n = 12).
Abundance of pituitary transcripts was determined by quantitative real-time

polymerase chain reaction. LH-b and FSH-b mRNA values were normalised
against b-actin mRNA and expressed relative to controls (mean ! SEM;

n = 6). Control groups were normalised to 100% (26). Only serum and pitui-
tary samples from fish in the correct gonadal recrudescence state were

used. Different uppercase letters denote statistical significant differences
between treatment groups (ANOVA followed by Tukey’s test, P < 0.05).
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Fig. 3. Effects of either goldfish (g) gonadotrophin inhibitory hormone
(GnIH), salmon (s) gonadotrophin-releasing hormone (GnRH) or chicken (c)

GnRH-II alone and co-treatment with gGnIH and GnRH on serum luteinising

hormone (LH) and pituitary LH-b and follicle-stimulating hormone (FSH)-b
subunit mRNA levels in vivo during late gonadal recrudescence (March).

Goldfish of mixed sex were injected twice with 2 lg of gGnIH and 4 lg of
either sGnRH or cGnRH-II, at time 0 and 12 h. Pituitaries and serum sam-

ples were collected at 14 h (2 h post second injection. Serum LH values
were analysed by radioimmunoassay (mean ! SEM; controls, n = 12).

Abundance of pituitary transcripts was determined by quantitative real-time
polymerase chain reaction. LH-b and FSH-b mRNA values were normalised

against b-actin mRNA and expressed relative to controls (mean ! SEM;
n = 6). Control groups were normalised to 100% (26). Only serum and pitui-

tary samples from fish in the correct gonadal recrudescence state were
used. Different uppercase letters denote statistical significant differences

between treatment groups (ANOVA followed by Tukey’s test, P < 0.05).
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functions may be affected by prior homologous and heterologous

hormone treatments. During early gonadal recrudescence, treatment

with gGnIH alone, GnRH alone and co-injection of gGnIH and

GnRH did not significantly alter gGnIH-R mRNA levels (Fig. 4). Dur-

ing mid gonadal recrudescence, sGnRH and cGnRH-II alone treat-

ments stimulated gGnIH-R expression. However, co-injection of

gGnIH with either native GnRH resulted in gGnIH-R levels that

were not different from controls, GnIH alone, or GnRH alone

(Fig. 4). During late gonadal recrudescence, treatment with gGnIH

alone resulted in a significant reduction of gGnIH-R expression,

whereas treatment with either sGnRH or cGnRH-II alone caused a

significant increase in GnIH-R mRNA levels (Fig. 4). Co-injection of

gGnIH with either sGnRH or cGnRH-II resulted in gGnIH-R expres-

sion values that were not different from controls or GnRH alone

but still significantly greater than that of gGnIH alone (Fig. 4).

Effects of gGnIH alone and in combination with GnRH on
in vitro LH release from perifused goldfish pituitary cells

Modulation of pituitary gonadotroph functions in in vivo studies

involves both direct and indirect effects. To gain insight into the

direct effects of gGnIH on LH release, we investigated the effects

of GnIH alone and in combination with the native GnRHs using pri-

mary goldfish pituitary cultures in cell column perifusion experi-

ments in mid to late gonadal recrudescence. The use of a

perifusion system allowed easy visualisation of the GnRH-induced

response kinetics. In cells prepared from fish at mid gonadal recru-

descence, a 1-h treatment with either sGnRH or cGnRH-II alone

significantly stimulated LH release but a single acute 5-min pulse

of gGnIH alone did not significantly affect LH release (Fig. 5). How-

ever, a decrease in the cGnRH-II-induced LH release was seen fol-

lowing application of an acute 5-min pulse of gGnIH (Fig. 5, left).

The quantified total LH release response to cGnRH-II, but not

sGnRH, was significantly reduced with this short 5-min co-applica-

tion of gGnIH (Fig. 5, right).

We also examined the effects of a prolonged exposure to gGnIH

on the acute effect of GnRH to stimulate LH release using pituitary

cells obtained from fish at late recrudescence/sexually matured

stage. Short 5-min applications of either sGnRH or cGnRH-II signif-

icantly increased LH secretion (Fig. 6). On the other hand, a 1-h

treatment with gGnIH alone did not significantly affect LH release

and did not significantly alter the LH response to the acute applica-

tions of sGnRH or cGnRH-II applied 25 min into the gGnIH expo-

sure (Fig. 6).

Discussion

The results from the present study support the idea that GnIH

activity in fish is more complex than has been generally assumed

in higher vertebrate study models, with both stimulatory and inhibi-

tory effects on gonadotroph functions. In particular, our results

demonstrate that a native GnIH form (gGnIH) differentially modu-

lates the effects of two native GnRHs (sGnRH and cGnRH-II) in a

seasonally-dependent manner, and that there are plausible differ-

ences between the direct and indirect effects of gGnIH on GnRH-

induced changes in LH release are different. In addition, the results

provide the first insight into the in vivo effects of combination of

GnIH and GnRH treatments on pituitary gGnIH-R mRNA expression

in any vertebrate species.

Results with i.p. injections with gGnIH or GnRH alone on serum

LH levels confirm previous findings on the seasonality of these in
vivo effects, with gGnIH application decreasing serum LH levels

in early and mid (but not at late) gonadal recrudescence (26) and

in vivo GnRH applications being ineffective in elevating serum LH

levels at early recrudescence (38). How these reproductive stage-

dependent differences are manifested is not known but may partly

be related to changes in gonadal steroid levels over the different

stages of the goldfish’s annual reproductive cycle (39,40). In
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Fig. 4. Seasonal effects of either (g) gonadotrophin inhibitory hormone

(GnIH), salmon (s) gonadotrophin-releasing hormone (GnRH) or chicken (c)
GnRH-II alone and co-treatment with gGnIH and GnRH on pituitary gGnIH-

R mRNA levels in vivo. Goldfish of mixed sex were injected twice with 2 lg
of gGnIH and 4 lg of either sGnRH or cGnRH-II, at time 0 and 12 h. Pitui-
taries from fish in early (October), mid (December) and late gonadal recru-

descence (March) were used. Abundance of pituitary transcripts was
determined by quantitative real-time polymerase chain reaction. gGnIH-R

mRNA values were normalised against b-actin mRNA and expressed relative
to controls (mean ! SEM; n = 6). Control groups were normalised to 100%

(26). Different uppercase letters denote statistical significant differences
between treatment groups (ANOVA followed by Tukey’s test, P < 0.05).
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seasonally reproductive Siberian hamsters, it was noted that i.c.v.

injections of two GnIH homologues resulted in significantly lower

LH levels after 5 and 30 min post-injection in long day adapted

animals (41). During the short day period, however, there were no

effects of GnIH i.c.v. injection after 5 min, although it significantly

stimulated LH level after 30 min (41), demonstrating seasonally-

dependent changes in GnIH responsiveness. Although the in vitro
perifusion results with gGnIH alone confirm that this peptide has

no inhibitory effect on basal LH release at late recrudescence, the

failure of gGnIH to alter basal LH release in perifusion in mid recru-

descence indicates that the ability of in vivo gGnIH application to

reduce serum LH levels observed at this reproductive stage may be

a result of indirect influences, possibly through inhibiting the

GnRH-induced LH levels. Previous results from a 2-h static incuba-

tion with gGnIH have also revealed an inability of gGnIH to inhibit

LH release from primary cultures of goldfish pituitary cells at early

recrudescence (26). Taken together, these observations indicate that

the ability of gGnIH to reduce serum LH concentrations at early

and mid recrudescence involves interactions with other neuroendo-

crine regulators.

How gGnIH interacts with other neuroendocrine factor(s) in vivo
to suppress serum LH levels is unknown, although the results of

the present study provide information showing how it may interact

with the two native GnRHs. It is important to note that, in goldfish,

GnRH nerves directly terminate in the anterior pituitary because

there is no median eminence. Co-injection with GnRH reversed the

gGnIH-induced reduction in circulating LH only at mid (and not at

early) recrudescence in vivo. Although there is a tendency for

serum LH in fish co-injected with gGnIH and GnRH to be lower

than those in fish injected with GnRH alone, suggesting that gGnIH

may attenuate GnRH-induced LH release, the differences are not

significant. Similarly, the in vitro LH responses to sGnRH at mid

recrudescence and to both sGnRH and cGnRH-II at late recrudes-

cence are clearly not affected by gGnIH. On the other hand, gGnIH

application reduced cGnRH-II-induced LH response in vitro at mid

recrudescence. Taken together, these observations indicate that

gGnIH selectively inhibits cGnRH-II (but not sGnRH) stimulation of

LH release. Interestingly, the inhibitory influence of gGnIH on

cGnRH-II-elicited LH release appears to be restricted to the pro-

longed phase of the LH response and is not effective against acute

cGnRH-II action. These results suggest that gGnIH only affects the

long-term cGnRH-II-sensitive pool of LH (such as vesicles just start-

ing to form or upstream from the active zone) and not the docked

vesicles that are involved in the immediate response to GnRH
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Fig. 5. Effects of goldfish (g) gonadotrophin inhibitory hormone (GnIH) (10 nM) on the luteinising hormone (LH) response to (A) salmon (s) gonadotrophin-

releasing hormone (GnRH) (100 nM) and (B) chicken (c)GnRH-II (100 nM) in perifused dispersed goldfish pituitary cells prepared from goldfish of mixed sex at
mid recrudescence (December to February). gGnIH was applied as a 5-min pulse (solid horizontal bar) 25 min into a 1-h treatment with GnRH (open horizontal

bar). LH content in perifusates collected in 5-min fractions were analysed by radioimmunoassay. LH values in each treatment column were normalised as a
percentage of pretreatment (average of the first five fractions collected prior to hormone treatment). Net LH responses to GnRH were quantified as the ‘area

under the curve with baseline subtracted’ (duration of quantification indicated by the vertical dotted lines; baseline defined as average of the three fractions
prior to the quantification period). LH release profiles are presented on the left and quantified net LH responses to GnRH are presented on the right (mean !
SEM, n = 8 from four separate cell preparations). Different uppercase letters denote statistical differences between treatment groups (ANOVA followed by Tukey’s
test, P < 0.05).
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(42–45). How this release-phase dependent and GnRH isoform-spe-

cific inhibitory effect is manifested is unclear, although the signal

transduction mechanisms mediating acute and prolonged LH release

response to GnRH, as well as sGnRH- and cGnRH-II-elicited LH

release, are known to be non-identical (46,47). In future studies, it

would be interesting to examine whether such differences in the

interactions between gGnIH and the two native GnRHs, as well as

the LH release phase-dependent effects, persists through all differ-

ent stages of the goldfish annual seasonal reproductive cycle.

In terms of GTH-b subunit gene expression, the present study

has shown that gGnIH treatment alone is generally stimulatory,

except at late recrudescence for LH-b, confirming a divergence in

the ability of gGnIH to affect LH release and LH-b subunit expres-

sion (26). Similarly, sGnRH and cGnRH-II stimulate the expression

of both GTH-b subunits at all three stages of gonadal development,

as reported previously (48,49). Interestingly, the results obtained

from combination gGnIH and GnRH treatments revealed the pres-

ence of novel interactions whereby co-application generally results

in GTH-b mRNA levels that are intermediate and often not different

from either gGnIH or GnRH alone. Furthermore, combination treat-

ment results in reduced LH-b and FSH-b mRNA levels that are sig-

nificantly lower than those treated with either sGnRH or cGnRH-II

alone at mid recrudescence, as well as significantly reduced LH-b
mRNA levels during mid and late recrudescence relative to sGnRH

alone. How the co-addition of two stimulatory factors (gGnIH and

GnRH) results in an unexpected reduction in GTH-b mRNA response

is unknown, although several possibilities exist. For example, gGnIH

and GnRH may affect the expression of each other’s receptor, and

gGnIH and GnRH post-receptor signalling may lead to cross phos-

phorylation of receptors resulting in alterations in the effectiveness

of each other’s receptor-signalling pathways. In recent studies, the

differential effects of cotreatment of GnRH with activin (50) or pro-

staglandins (51) is suggested to be a result of cross-talk between

signalling pathways and altered receptor regulation. Interactions

can also occur at various points along the signal transduction cas-

cades of gGnIH and GnRH. Although sGnRH and cGnRH-II signal
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Fig. 6. Effects of goldfish (g) gonadotrophin inhibitory hormone (10 nM) on the luteinising hormone (LH) response to (A) salmon (s) gonadotrophin-releasing
hormone (100 nM) and (B) chicken (c)GnRH-II (100 nM) in perifused dispersed goldfish pituitary cells prepared from goldfish of mixed sex at late recrudes-

cence/sexually matured stages (May to early June). GnRH was applied as a 5-min pulse (solid horizontal bar) 25 min into a 1-h treatment with gGnIH (open
horizontal bar). LH content in perifusates collected in 5-min fractions were analysed by radioimmunoassay. LH values in each treatment column were norma-

lised as a percentage of pretreatment (average of the first five fractions collected prior to hormone treatment). Net LH responses to GnRH were quantified as
the ‘area under the curve with baseline subtracted’ (duration of quantification indicated by the vertical dotted lines; baseline defined as average of the three

fractions prior to the quantification period). LH release profiles are presented on the left and quantified net LH responses to GnRH are presented on the right
(mean ! SEM, n = 8 from four separate cell preparations). Different uppercase letters denote statistical differences between treatment groups (ANOVA followed

by Tukey’s test, P < 0.05).
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transduction cascades in goldfish pituitary cells have been fairly

well characterised (46,47,52), gGnIH post-receptor signalling is at

present unknown. However, in chicken, GnIH receptor activation

negatively affects GnRH-R-III signalling, suggesting that interac-

tions during the post-receptor signalling between GnIH and GnRH

are a distinct possibility (28). Furthermore, because these results are

obtained from in vivo studies, gonadal steroid feedback may have

influenced the effects of gGnIH and/or GnRH on the pituitary

gonadotroph functions. It should be noted that our studies have

focused on the role of GnIH-3, which is known to be the mature

form, although two other putative forms of gGnIH are present and

may be involved in the complex regulation of reproduction in fish

(4,25,31,53).

In addition to confirming earlier findings that gGnIH down-regu-

lation of gGnIH-R mRNA expression is restricted to late gonadal

recrudescence (26), the results of the present study demonstrate,

for the first time in any vertebrate system, that GnRH affects pitui-

tary GnIH-R mRNA expression. sGnRH or cGnRH-II increased

gGnIH-R mRNA levels during mid and late recrudescence and coap-

plication with either of these GnRHs reversed the gGnIH-induced

reduction in gGnIH-R mRNA expression at late recrudescence. These

results are consistent with the idea proposed above that GnRH

potentially regulates gGnIH action via modulation of gGnIH-R

expression and/or function(s). Interestingly, pituitary levels of

gGnIH-R mRNA in the gGnIH and GnRH co-injected groups are not

significantly different from those of the GnRH alone treatment

groups at mid and late recrudescence, suggesting that gGnIH does

not inhibit GnRH actions on gGnIH-R mRNA expression. Although

steady-state gGnIH-R mRNA levels in the pituitary of goldfish do

not vary along the seasonal reproductive cycle (26), GnRH effects

on gGnIH-R mRNA expression revealed in the present study are

dependent on the reproductive status. Changes in the level of cir-

culating gonadal steroids, as well as the influence of other neuro-

endocrine factors, likely play a role in modulating the effects of

GnRH on gGnIH-R mRNA expression. In chickens, treatment with

oestradiol alone or oestradiol with progesterone suppressed GnIH-R

levels (23), supporting the idea that gonadal steroid is an important

factor in the modulation of GnIH-R expression. Whether gGnIH

modulates GnRH-R mRNA expression, and also whether changes in

gGnIH and GnRH receptor mRNA levels cumulate in alterations in

receptor protein levels and functions, awaits confirmation in further

studies.

In summary, the results obtained in the present study provide

the first insight into the influence of a native GnIH on native GnRH

effects on gonadotroph cell functions in vivo and in vitro in any

fish species. The results suggest that, in the goldfish, gGnIH is not

a simple inhibitor of gonadotroph functions. gGnIH does not

directly suppress basal LH secretion but is able to selectively modu-

late cGnRH-II-elicited LH release; furthermore, gGnIH is stimulatory

to GTH-b mRNA expression. Our results lend support to the previ-

ously established idea (26) that dissociation between LH release and

LH-b mRNA expression, as well as differential modulation of LH-b
and FSH-b subunit gene expression, can be manifested by gGnIH

actions in vivo. More importantly, novel complex interactions

between gGnIH and GnRH are revealed. gGnIH differentially

modulates sGnRH- and cGnRH-II-induced changes in GTH-b sub-

unit at different stages of the reproductive cycle, whereas GnIH-R

mRNA expression is subject to regulation by GnRH in addition to

regulation by gGnIH. These findings suggest that gGnIH is an

important component of the multifactorial neuroendocrine regula-

tion of gonadotroph functions and provide the basis for future

studies into the interactions of these regulators of the HPG axis in

goldfish seasonal reproduction.
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a  b  s  t  r  a  c  t

Relative  to mammals,  the  neuroendocrine  control  of  pituitary  growth  hormone  (GH)  secretion  and
synthesis  in teleost  fish  involves  numerous  stimulatory  and  inhibitory  regulators,  many  of  which  are
delivered  to  the  somatotrophs  via  direct  innervation.  Among  teleosts,  how  multifactorial  regulation
of  somatotroph  functions  are  mediated  at the  level  of  post-receptor  signalling  is best  characterized
in  goldfish.  Supplemented  with  recent  findings,  this  review  focuses  on  the  known  intracellular  signal
transduction  mechanisms  mediating  the  ligand-  and  function-specific  actions  in  multifactorial  control
of GH  release  and  synthesis,  as  well as basal  GH  secretion,  in  goldfish  somatotrophs.  These  include
membrane  voltage-sensitive  ion  channels,  Na+/H+ antiport,  Ca2+ signalling,  multiple  pharmacologically
distinct  intracellular  Ca2+ stores,  cAMP/PKA,  PKC,  nitric  oxide,  cGMP,  MEK/ERK  and  PI3K.  Signalling path-
ways mediating  the major  neuroendocrine  regulators  of  mammalian  somatotrophs,  as  well  as  those  in
other major  teleost  study  model  systems  are also  briefly  highlighted.  Interestingly,  unlike  mammals,
spontaneous  action  potential  firings  are  not  observed  in  goldfish  somatotrophs  in culture.  Further-
more,  three  goldfish  brain  somatostatin  forms  directly  affect  pituitary  GH  secretion  via  ligand-specific
actions  on  membrane  ion  channels  and  intracellular  Ca2+ levels,  as  well  as  exert  isoform-specific  action
on basal  and  stimulated  GH  mRNA  expression,  suggesting  the  importance  of somatostatins  other  than
somatostatin-14.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Pituitary growth hormone (GH), synthesized and released
from somatotrophs, is a major endocrine regulator of growth
and metabolism. Control of somatotroph activities in vertebrates
involves a variety of neuroendocrine factors from the hypothala-
mus, as well as peripheral feedback signals and local intrapituitary
paracrine factors. The effects of these regulatory factors are inte-
grated at the intracellular signal transduction level in somatotrophs
resulting in the control of GH release and gene expression. This
article summarizes the signalling events mediating the neuroen-
docrine regulation of somatotroph functions with focus on the
goldfish pituitary cell model with brief descriptions and compar-
isons of the major intracellular events in mammalian and other
teleost model systems.

! Corresponding author at: CW405 Biological Sciences Building, Department of
Biological Sciences, University of Alberta, Edmonton, Alberta, Canada, T6G 2E9.
Tel.: +1 780 492 1278; fax: +1 780 492 9234.

E-mail address: john.chang@ualberta.ca (J.P. Chang).

2. Regulation of GH release in mammals

2.1. Major neuroendocrine aspects

In mammals, pituitary GH release is pulsatile in nature and
its regulation by two  major hypothalamic neuropeptides, GH-
releasing hormone (GHRH) and somatostatin-14 (SS-14) has
been well characterized [1–3]. The direct stimulatory GHRH and
inhibitory SS-14 influences on pituitary GH release function in an
antagonistic and reciprocal fashion to maintain this periodic GH
release. GHRH and SS-14 neurons also interact at the level of the
hypothalamus, with SS neurons in the paraventricular nucleus pro-
jecting to the arcuate nucleus to inhibit GHRH release [4]. GH also
exerts stimulatory influence on SS-14 release, and thus decreases
GHRH release [4].  A model has emerged suggesting that when the
level of GH is low at the beginning of a GH release episode, increased
GHRH secretion into the hypothalamo-hypophyseal long portal
vessels is accompanied by a reduction in SS-14 release, allowing
for an enhancement of GH release. Increases in GH level subse-
quently stimulate SS-14 secretion to terminate the GH secretion
episode directly by inhibiting GH release from somatotrophs and
indirectly by reducing GHRH secretion. The relative contributions
of GHRH and SS-14 in regulating the pulsatile pattern of GH release

0143-4160/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ceca.2011.11.001
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are dependent on species, age, sex and metabolic status, as well
as GH and insulin-like growth factor (IGF)-I feedback actions [5].
Sex-steroid hormones augment GH secretory bursts, whereas age-
ing, obesity, and physical inactivity-related disruption of hormone
homeostasis reduce the amplitude of pulsatile GH output [6].

Recently, ghrelin has also been shown to be a potent and impor-
tant neuroendocrine stimulator of GH release and serves as a
link between metabolism and GH release; furthermore, mutation
in the ghrelin/GH secretagogue receptors (GHSRs) causes short
stature/body length [3].  Interestingly, pulsatile GH release can-
not be totally accounted for by GHRH and SS-14 alone in some
cases, suggesting that an additional factor, perhaps ghrelin, may
be involved in this regard [3].  Although ghrelin is a peptide with
primarily a gastric origin, ghrelin mRNA and immunoreactivity is
found in the hypothalamus, including the arcuate nucleus, and
ghrelin can alter SS-14 and GHRH neuronal functions [2,7,8].
Ghrelin can stimulate GHRH release directly via GHSRs on GHRH
neurons [9,10].  Since ghrelin also interacts with neuropeptide Y
(NPY) neurons, it has been postulated that ghrelin may  also indi-
rectly stimulate GHRH via NPY [9,10].  However, ghrelin stimulation
of GHRH release is not attenuated by NPY antagonists, reinforc-
ing the idea that direct ghrelin actions on GHRH neurons may  be
more important [10]. Ghrelin infusion into the cerebral ventricles
alters SS mRNA and protein expression, suggesting that ghrelin
also stimulates GH release through suppression of the SS release
[11]. Electrophysiological studies further indicate that ghrelin and
SS-14 interact at the level of the arcuate to modulate GHRH neu-
ronal activity [12] and a GHSR antagonist reduces pulsatile GH
release in rodents [3].  Thus, ghrelin also plays an important role
in the neuroendocrine control of pulsatile GH release. In addition,
ghrelin potentiates GHRH-induced GH release in mammals and
ghrelin stimulates somatotroph secretory activity in many verte-
brates, from mammals to fish [13]. Whether the brain is one of the
sources of ghrelin that directly modulate GH release at the level
of the somatotrophs has not been clearly established but ghrelin-
immunoreactive fibres are present in the pituitary stalk in humans
[14]. The importance of ghrelin as a highly conserved stimulatory
modulator of GH release during vertebrate evolution cannot be
ignored.

It is well established that SS-14 plays a major role in the reg-
ulation of the hypothalamic-pituitary-growth axis in mammals;
however, the extended somatostatin-28 (SS-28) molecular form
derived from the same prohormone has been shown to inhibit
basal GH secretion with higher potency than SS-14 both in vivo
and in vitro [15]. The presence of immunoreactive SS-14 and SS-28
in the rat and ovine preoptic-anterior hypothalamic region indi-
cates that SS-28 is also secreted into the median eminence [16,17].
In addition, SS-14 and SS-28-like immunoreactivity are present
in somatotrophs, lactotrophs and thyrotrophs of rat pituitary
glands [16]. Thus, mammalian somatotrophs are also potentially
exposed to multiple SS isoforms, and from both local (pituitary)
and hypothalamic sources. However, how multiple SSs may act on
somatotrophs in the regulation of GH secretion and their physio-
logical relevance are not well understood.

2.2. Intracellular signal transduction in GH release in mammals

2.2.1. Basal conditions
GH release in mammals is a classical Ca2+-dependent exocytosis

process [18]. Normal and immortalized mammalian somatotrophs
are excitable with voltage-sensitive ionic channels necessary for
membrane electrical activity. These channels include TTX-sensitive
and TTX-resistant Na+ channels [19,20]; transient A-type (IA),
delayed rectifier (IKv), inwardly rectifying (Kir) and big conduc-
tance Ca2+-activated K+ channels (BKIK(Ca2+)) [21]; and low-voltage

activated (LVA) T-type, intermediate-voltage activated R-type, and
high-voltage activated (HVA) L-, P/Q- and N-type voltage-sensitive
Ca2+ channels (VSCCs) [22,23]. Spontaneous action potentials (APs)
and transient increases in intracellular free Ca2+ concentrations
([Ca2+]i) are observed in about 50% of mammalian somatotrophs
[24], and in essentially all GC and GH3 cells [25,26]. Na+ entry
through TTX-sensitive Na+ channels and subsequent Ca2+ influx
through T/R-type VSCCs leads to the initial rising phase of these
spontaneous action potentials and triggers L-type VSCC opening
which also contributes to the action potential development and
further increases Ca2+ influx. IK(Ca2+) and IKv repolarize the mem-
brane. The slow pacemaker depolarization, which initiates a new
cycle, results from the decay of IK (Kir or IK(Ca2+)) and a TTX-
insensitive Na+ leak current [21,27,28].  These rhythmic AP-induced
and extracellular Ca2+-dependent transients of intracellular free
Ca2+ concentration ([Ca2+]i) changes are thought to drive basal
GH secretion and IK(Ca2+) contributes to the rhythmic pacemaker
activity [21,27].

2.2.2. Major stimulatory neuroendocrine factors signalling
In terms of how stimulatory neuroendocrine factors act at the

level of mammalian pituitary cells to increase GH release, GHRH
action is the best characterized. GHRH increases GH release via
activation of adenylate cyclase (AC), leading to increase cAMP pro-
duction and stimulation of protein kinase A (PKA) [29]. GHRH
increases TTX-sensitive Na+ currents through cAMP/PKA [20,30],
as well as TTX-insensitive Na+ currents through a phospholipase C
(PLC)-independent, but protein kinase C (PKC)-sensitive pathway
in somatotrophs [20]. These actions on Na+ currents, together with
GHRH-induced reduction in Kir, increase spontaneous AP firing
[21]. GHRH activation of PKA also phosphorylates VSCCs enhanc-
ing their activity [31]. All these actions cumulate in increased
Ca2+ entry and elevations in [Ca2+]i that stimulate GH secretion.
A Ca2+-induced release of intracellular Ca2+ via a caffeine- and
ryanodine-sensitive mechanism has also been reported to con-
tribute to GHRH signalling leading to GH release in rats [32]. In
addition, NOS/NO and cGMP signalling is also reported to partici-
pate in GHRH stimulation of GH release from porcine somatotrophs
[33]; however, how NO and cGMP interact with Ca2+ and other
GHRH signal transduction cascades is not known.

On the other hand, it is well established that ghrelin stimula-
tion of GH release and elevations in [Ca2+]i involve activation of PLC
and the subsequent production of the intracellular Ca2+-mobilizing
inositol 1,4,5-trisphosphate (IP3) and PKC-activating diacylglycerol
(DAG) [34]. Long-term exposure of ghrelin up regulates Na+ current
channel density in GC cells via Ca2+- and PKC-sensitive mecha-
nisms, which are also subject to modulation by PKA [26,35]. In
accordance, ghrelin increases cAMP levels in porcine pituitary cells
and the GH responses to ghrelin in porcine and female baboon pitu-
itary cells are attenuated by AC and PKA inhibitors [36,37]. These
results suggest that ghrelin and GHRH both regulate the electrical
excitability of somatotrophs, and that interactions between ghrelin
and GHRH at the level of the somatotrophs are important compo-
nents of the overall stimulatory neuroendocrine regulation of GH
release in mammals. In addition to PLC and AC, ghrelin stimula-
tion of GH release has also been shown to involve nitric oxide (NO)
and cGMP signalling, which can in turn stimulate cyclic nucleotide-
gated Na+ channels, leading to enhance cell excitability [38].

2.2.3. Somatostatin signalling
Mammalian pituitary somatotrophs express a combination of

all five known forms of SS receptor (SstR) types although the con-
sensus is that SstR5 and SstR2 predominate [39]. Each SstR subtype
can bind to SS-14 and SS-28 at the low nM range and each SstR
subtype is coupled to multiple intracellular signalling pathways.
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Specifically, SstR5 and SstR2 are both linked to inhibition of AC
and MAPK, as well as stimulation of PLC, phosphotyrosine phos-
phatases (PTPases) and K+ channel activities. In addition, SstR2
also suppresses Ca2+ channel activities while SstR5 has been linked
to inhibition of PLC [39,40]. SS-14 acts through SstR2 receptors
to activate IA and the delayed rectifying IKv in GH3 cells, as well
as BK channels in the GH4C1 cells [23,41,42].  These effects lead
to hyperpolarization, inhibition of VSCC-mediated Ca2+ entry, and
spontaneous AP firing of somatotrophs. The influence on K+ cur-
rents is mediated, at least in part, through a reduction in AC/PKA
activity [21]. These actions on spontaneous activity, together with
SS-14-elicited reduction in AC/PKA and PLC activity, and stimu-
lation of PTPase would also counteract the effects of stimulatory
regulators that utilize kinase-dependent signalling. In primary cul-
tures of rat and ovine pituitary cells, SS-14 lowers [Ca2+]i and basal
GH secretion [43,44].  However, whether this effect is due to inhibi-
tion of L- and T-type Ca2+ currents and/or activation of K+ currents
is still unclear since few studies monitor ion currents and [Ca2+]i
concurrently [45,46].  Besides these effects on membrane channels,
SS treatment also influences the exocytosis machinery. For exam-
ple, SS-14 causes the redistribution of cytoplasmic microfilaments,
and dissociation of Rab3B and SNARE proteins in rat somatotrophs
[47,48]. Whether these latter SS signalling mechanisms are related
to each other, as well as their relative contribution to SS’s inhibitory
actions on GH secretion remains unclear.

Although SstR2 and SstR5 predominate in mammalian soma-
totrophs, other SstRs appear to be functionally important and
can compensate for the loss of these major SstR forms. Neither
SstR2- nor SstR5-knockout mice exhibit elevations in serum GH
levels whereas activation of SstR1 inhibits GH secretion from GC
cells preferentially expressing SstR1 [49–51].  On the other hand,
although SS-14 effectively inhibits GH secretion through activation
of both SstR1 and SstR2 in GC cells, SstR1 does not mediate SS-14
effects on Ca2+ signals, indicating functional specificity in differen-
tial SstR signalling in a single target cell-type [51]. Interestingly,
SstR5 has a slight selectivity for SS-28 but the relevance of SS-28
in pituitary GH release is as yet unclear. On the other hand, the
paradoxical stimulatory effect of SS-14 on GH release from porcine
somatotrophs is correlated with SstR5 expression [52] and NOS/NO,
but not cGMP signalling [33,53].

3. Regulation of GH gene expression in mammals

The regulation of GH synthesis is complex, and not fully under-
stood. In mammals, the transcription activator Pit-1 is an important
regulator of GH expression in somatotrophs, and this control is
highly conserved among vertebrate species [54,55]. Pit-1 plays a
central role in basal GH gene expression; however, pituitary GH
gene transcription requires the binding of Pit-1 and other syn-
ergistic transcription factor(s) to adjacent sites within the GH
promoter region and both sites must be occupied for transcrip-
tion to occur [55]. Pit-1 participates in the GH gene expression
regulating actions of hormones utilizing nuclear receptors, such
retinoic acid, glucocorticoids and thyroid hormone, through inter-
actions with their specific hormone-response elements present
in the promoter region of the GH gene [55]. In addition, cAMP
response elements (CREs) are also present in close proximity to Pit-
1 binding sites on the GH gene [56]. GHRH stimulates GH synthesis
through AC/cAMP/PKA signalling and the presumed phosphory-
lation of CRE-binding proteins (CREBPs) [57,58]. However, direct
activation of PKC by phorbol esters fails to activate GH gene tran-
scription in rat pituitary cells [59]. On the other hand, ghrelin can
increase phosphorylation of CREBP via PKC in GH3 cells [60], sug-
gesting the presence of cross-talk between PKA and PKC signalling
in the regulation of GH synthesis.

IGF-I can inhibit basal GH gene expression, and IGF-I also blocks
the stimulatory effects of GHRH, and those of direct activation
of PKA or PKC, on GH mRNA expression [61,62].  These inhibitory
actions of IGF-I are thought to be mediated through tyrosine kinase
and mitogen-activated protein kinase (MAPK)/phosphoinositide 3-
kinase (PI3K) cascades [63]. However, SS-14 does not alter basal
GH mRNA levels despite dramatically reducing GH release in
most mammalian models studied [56,64]. On the other hand, SS
suppresses GHRH- or forskolin-induced GH gene expression in
GH-secreting pituitary adenoma cells [65]. At present, the down-
stream events by which some of these protein kinases regulate
GH gene expression are largely unknown. Although regulation of
Pit-1 expression has been suggested, studies with Pit-1 unphos-
phorylated mutants indicate that the Pit-1 phosphorylation is not
prerequisite for both basal and induced activation of GH promoter
activity [66].

4. Regulation of GH release in goldfish and other teleosts

4.1. Major neuroendocrine aspects

The organization of the hypothalamic-pituitary axis in higher
bony fish is unique in that a classical median eminence
hypothalamo-hypophyseal portal system is absent. Endocrine cells
of the adenohypophysis are segregated by cell types into zones and
directly innervated by nerve fibres from the hypothalamus. These
nerve terminals either form synapse-like contacts with or end in
close proximity to pars distalis pituitary cells, or terminate on small
blood spaces among these cells [67]. Neuroendocrine regulation of
GH secretion in teleosts is more complex relative to mammals and
with a large number of stimulators and inhibitors acting directly at
the level of somatotrophs. Although pulsatile GH release is thought
to exist in teleosts, direct evidence supporting this hypothesis is
only derived from a single study utilizing frequent sampling of
blood GH level in carps and the neuroendocrine circuitry mediat-
ing this pulsatility is unknown. On the other hand, like mammals,
circadian changes in serum GH release definitely exist [68].

Neuroendocrine regulation of GH release in teleosts is mul-
tifactorial in nature. Factors known to act directly at the level
of the pituitary to increase GH release include GHRH, PACAP,
gonadotrophin-releasing hormones (GnRHs), dopamine (DA),
corticotropin-releasing hormone, thyrotropin-releasing hormone,
ghrelin, CCK, gastrin-releasing peptide and NPY [1,68].  Inhibitory
neuroendocrine factors are not limited to SS, but also include
serotonin (5HT) and norepinephrine (NE) [68,69]. Consequently,
somatotroph functions reflect the results of integrated actions of
multiple brain signals, and, like mammals, together with additional
peripheral factors (e.g., ghrelin, leptin, IGF-I) which are closely
related to metabolic and energy status, as well as reproductive
and immune functions. Interestingly, there is evidence from grass
carp indicating the presence of intrapituitary regulatory elements
with luteinizing hormone (LH) and GH acting locally to enhance
GH release [68,69]. Thus, fish somatotroph study systems represent
unique physiological models to examine how multiple stimulatory
and inhibitory ligands and their influences on hormone secre-
tion and synthesis are integrated at the cellular and intracellular
level.

Among the inhibitory neuroendocrine factors, the importance of
SS as the primary inhibitory regulator(s) for somatotrophs is similar
as in mammals. As a result of whole genomic duplications, as well
as tandem duplications, teleost species possess multiple precursor
SS (PSS) genes that encode for different SS isoforms [70]. In contrast
to mammals, it is believed that some fish PSS-I, which produces SS-
14, cannot be cleaved to yield SS-28 [71]. Unlike mammals, longer
forms of fish SSs, which generally vary from 25- to 28-amino acids
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Table 1
Effects of various inhibitory factors on basal and stimulated GH release in gold-
fish. Categories where the actions of these inhibitory regulators differ are bolded.
Differences between the three brain SSs are further highlighted.

SS-14 gbSS-28 [Pro2]SS-14 NE 5-HT

Basal conditions
Basal GH secretion ! ! ! ! !
Basal [Ca2+]i ! ! ! " "
Basal cAMP levels ! ! ! ! N.D.
IC50(nM) 1.73 0.16 6.69 100 0.75

Stimulated conditions
PKC-mediating cascade
sGnRH-induced GH X ! X X !
sGnRH-induced [Ca2+]i ! ! N.D. N.D. !
cGnRH-II-induced GH X ! X X !
cGnRH-II-induced [Ca2+]i " ! N.D. N.D. !
DiC8-induced GH X X ! ! !
DiC8-induced [Ca2+]i # X N.D. N.D. N.D.
TPA-induced GH ! ! ! ! "
TPA-induced [Ca2+]i N.D. X N.D. N.D. N.D.

cAMP-mediating cascade
PACAP-induced GH X ! X N.D. !
PACAP-induced [Ca2+]i ! ! N.D. N.D. N.D.
PACAP-induced cAMP N.D. " N.D. N.D. N.D.
DA  D1-induced GH X " X X !
DA  D1-induced [Ca2+]i ! " N.D. N.D. N.D.
DA D1-induced cAMP N.D. ! N.D. N.D. N.D.
Forskolin-induced GH X " X ! "
Forskolin-induced [Ca2+]i " " N.D. N.D. N.D.
8Br-cAMP-induced GH X " X N.D. "
8Br-cAMP-induced [Ca2+]i " " N.D. N.D. N.D.
AA-induced GH ! " ! X N.D.

NO-mediating cascade
SNP-induced GH X X X N.D. "
SNP-induced [Ca2+]i N.D. X N.D. N.D. N.D.

Ca2+-mediating cascade
A23187-induced GH ! " ! X "
Ionomycin-induced GH ! ! ! ! "
30  mM KCl-induced GH X X X N.D. N.D.
Acute KCl-induced [Ca2+]i N.D. " N.D. N.D. N.D.

Membrane ion channels
VSCC ! ! " N.D. N.D.
IK # # # N.D. N.D.
INa " " " N.D. N.D.

X = abolished ! = reduced " = not affected N.D. = not determined.

in length, are derived from a different SS precursor (PSS-II) that
encodes for peptides containing a [Tyr7,Gly10]SS-14 sequence at
their C-terminal region. The occurrence of a PSS-II gene has been
established in almost all teleost species investigated, and rainbow
trout even possesses two variants of this gene [71,72]. Some species
possess PSS-III, which is characterized by having [Pro2]SS-14 at its
C-terminus and is thought to be represented by the cortistatin (CST)
gene lineage in mammals [71,73]. Recently, up to six SS genes have
been identified in zebrafish and a new five-clade scheme for the
evolution of teleost SS genes has been proposed [74]. These are SS1
(former PSS-I lineage), SS2 (former PSS-III or [Pro2]SS lineage), SS3
(former PSS-II lineage), SS4 (formerly atypical PSS-II lineage), and
SS5. Since this classification is relatively new, the older nomencla-
ture system will be used here. In goldfish, PSS-I, -II and -III mRNAs
are expressed at the hypophysiotropic hypothalamus and PSS-I and
-III mRNAs are also found in pituitary fragments and dispersed cell
extracts. Goldfish pituitary cells are thus exposed to SS-14 from
PSS-I, goldfish brain (gb)SS-28 from PSS-II, and [Pro2]SS-14 from
PSS-III [75]. Interestingly, although SS-14 and [Pro2]SS-14 inhibit
the GH release response to all neuroendocrine stimulators tested
in goldfish pituitary cells, gbSS-28 attenuates GnRH- and PACAP-
stimulated, but not DA-induced GH release (Table 1) [69,76].  Thus,
the presence of multiple forms of SS, and perhaps other inhibitory

factors, likely provides a means to differentially regulate soma-
totroph responses.

4.2. Intracellular signal transduction in GH release in goldfish

In terms of the intracellular signalling mechanisms mediat-
ing basal and regulator-modulated GH release in teleosts, most
information are derived from only a few species, including tilapia,
common carp and grass carp. Among these, one of the best charac-
terized is goldfish.

4.2.1. Basal conditions
Like mammals, basal GH release from somatotrophs in gold-

fish is sensitive to [Ca2+]i and dependent, at least in part, on
extracellular Ca2+ entry through VSCCs as shown by experiments
utilizing treatments with Ca2+-free media, BAPTA-AM and L-type
VSCC inhibitors [68,69]. Patch-clamp electrophysiological studies
indicate that identified goldfish somatotrophs have TTX-sensitive
Na+ currents, IA, IKv, and L- and N-type HVA VSCCs. Unlike mam-
malian somatotrophs, isolated goldfish somatotrophs in primary
culture do not fire APs spontaneously and global [Ca2+]i is stable
at rest in >87% of them. In addition TTX virtually abolished the
entire voltage-sensitive Na+ current while T-type LVA VSCC and
Kir cannot be observed. However, single APs can be induced by cur-
rent injection and TTX-sensitive Na+ current, and L- and N-type
VSCCs mediate the depolarization phase of induced APs with IKv
participating in the repolarization phase [77,78]. The lack of T-type
VSCC implies that Na+ currents largely underlay the initiation of AP
firing in goldfish somatotrophs. Ca2+-imaging studies reveal that
depolarization-induced opening of L- and N-type VSCCs contribute
to the increase in [Ca2+]i that accompanies evoked AP firing [77].
Recent GH release experiments with !-conotoxin GVIA indicate
that, like L-type VSCCs, N-type VSCCs also play a role in the regula-
tion of basal GH secretion (Fig. 1A). In the presence of IKv inhibitors,
a single current injection episode can evoke more than one AP
suggesting that IKv regulates excitability [77]. Whether IK(Ca2+) is
present in goldfish somatotrophs is uncertain since normal isolated
K+ recordings were routinely made in the presence of Cd2+. How-
ever, apamin, an inhibitor of the small conductance IK(Ca2+),  did not
affect basal GH secretion from perifused dispersed goldfish pitu-
itary cells (Fig. 1B) and the presence of Ca2+ in the bath did not alter
the current/voltage relationship of isolated K+ channel recordings
in preliminary experiments with goldfish somatotrophs [77]. These
results suggest that unlike mammalian somatotrophs where BK
currents are important for determining rhythmic spontaneous AP
firing, IK(Ca2+) is unlikely to play a role in determining basal electrical
and secretion activities in goldfish somatotrophs. Although goldfish
somatotrophs in culture are not spontaneously active in terms of
AP firing, a good proportion of goldfish gonadotrophs in culture fire
APs spontaneously [79] and somatotrophs and gonadotrophs are
intermingled within the same area of the pars distalis [80]. Further-
more, electrical coupling between pituitary cells has been shown in
intact tilapia pituitary [81] and hypothalamic neurons innervating
the goldfish pars distalis may  be active. The possibility that gold-
fish somatotrophs exhibit AP firing under “basal conditions” in situ
remains to be examined.

Goldfish somatotrophs have several pharmacologically distinct
intracellular Ca2+ stores, including stores that are (1) selectively
refilled by thapsigargin (Tg)-sensitive SERCA, (2) sensitive to SERCA
inhibitors BHQ and CPA (but not Tg), (3) caffeine (Caff)-sensitive,
(4) ryanodine (Ryn)-sensitive (but insensitive to Caff and dantro-
lene), (5) dantrolene-sensitive, and (6) xestospongin/IP3-sensitive
[69]. Incubation of goldfish pituitary cells with TMB-8, a broad-
spectrum Ca2+ release channel blocker, reduced basal GH release.
Short-term application of Tg, CPA and Ryn, but not xestospongin
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Fig. 1. Effects of inhibitors of voltage-sensitive Ca2+ and K+ currents on GH release
from dispersed primary cultures of goldfish pituitary cells in column perifusion.
(A)  The L-type VSCC inhibitor nifedipine (100 nM,  open circles) and N-type VSCC
inhibitor !-conotoxin GVIA (100 nM,  open diamonds) were each applied as a 5-min
pulse (indicated by the horizontal open bar). Pooled data are shown (mean ± SEM;
n  = 4 each for control, nifedipine and conotoxin). (B) Three 5-min sGnRH pulses
(100 nM,  vertical arrows) were applied to each column and the treatment column
also  received a 80-min exposure to the Ca2+-sensitive K+ channel inhibitor apamin
(100 nM,  closed squares, duration of application indicated by the horizontal open
bar). Pooled data (mean ± SEM; n = 8, sGnRH controls; 4, apamin plus sGnRH) are
shown. GH release was  normalized as a percentage of pretreatment values (average
of the first five measurements of the perifusion run). Cell dispersion and perifusion
GH  release procedures described previously were used (references [79,93]).

or a PLC inhibitor, similarly reduced basal GH secretion [82–85],
suggesting that intracellular Ca2+ store(s) that possess TMB-8
and Ryn-sensitive release channels and/or are refilled by Tg- or
CPA-sensitive SERCAs, but not those that have IP3 receptors, also
participate in regulating basal GH secretion. The physical nature
of many of these multiple pharmacologically distinct intracellular
Ca2+ stores and how intracellular Ca2+ stores interact with extracel-
lular Ca2+ entry in the regulation of basal GH release is unknown. On
the other hand, the inhibitors of mitochondrial Ca2+ uptake increase
basal GH and [Ca2+]i, and the GH response is enhanced by BayK 8644
but reduced by BAPTA-AM, suggesting that mitochondrial buffer-
ing of VSCC-mediated Ca2+ entry and the resulting [Ca2+]i changes
also participates in the regulation of basal GH release [86].

In addition, basal GH release in goldfish is reduced by treatment
with a PKA inhibitor, but not by inhibitors of PKC, soluble guany-
late cyclase (sGC), NOS, and PI3K, as well as the NO scavenger PTIO
[87–91]. These results suggest that among the cascades involved in
mediating stimulated GH secretion by select neuroendocrine regu-
lators (see Sections 4.2.2–4.2.3 below), only PKA is involved in the

regulation of basal GH release. cAMP/PKA likely affect extracellu-
lar Ca2+ entry through VSCC to regulate basal GH release. cAMP
enhances VSCC currents in identified goldfish somatotrophs, and
cAMP-stimulated GH release is sensitive to manipulation of L-type
VSCCs and is accompanied by increases in [Ca2+]i [92]. Whether
cAMP/PKA signalling in basal GH release also involves interactions
with intracellular Ca2+ mobilization and Ca2+ buffering mecha-
nisms remains to be examined.

4.2.2. Stimulatory neuroendocrine regulator signalling
The goldfish model system is one of the best-characterized

teleost model systems in terms of the post-receptor signalling
mechanisms involved in multifactorial neuroendocrine regula-
tion of GH release. In goldfish, the two  endogenous GnRHs
(salmon(s)GnRH or GnRH3, and chicken (c)GnRH-II or GnRH2) are
released at the level of the pituitary and act via GnRH receptors
located on goldfish somatotrophs to stimulate GH release [93,94].
The ability of GnRH to stimulate GH release may  be related to the
importance of paracrine effects exerted by GH on gonadotroph
responsiveness [69,95], as well as the ability of GH  to potentiate
gonadal steroidogenesis in response to gonadotropins [96]. sGnRH
and cGnRH-II exert their stimulatory effects on GH release via acti-
vation of PKC, PI3K and MEK/ERK, NOS/NO and sGC/cGMP, but
not cAMP/PKA and PLA2 signalling. Results from pharmacologi-
cal manipulations indicate that both GnRHs stimulate extracellular
Ca2+ entry through VSCCs and Ca2+ release from intracellular
stores to increase [Ca2+]i and activation of calmodulin kinase-II
(CAMK). Since GnRH- and PKC activator-induced Ca2+ signals in
identified goldfish somatotrophs and GH release from dispersed
pituitary cells are attenuated by PKC and L-type VSCC inhibitors,
PKC likely participates in the activation of VSCCs by the GnRHs
[97,98]. sGnRH and cGnRH-II actions also involves suites of over-
lapping, yet non-identical, intracellular Ca2+ stores. Both GnRHs
utilize TMB-8- and Caff-sensitive stores that do not require Tg-
, BHQ-, and CPA-sensitive SERCAs for their refilling. In addition,
sGnRH action requires IP3-sensitive Ca2+ stores and is sensitive
to mitochondrial Ca2+ buffering while cGnRH-II uses Ryn- and
dantrolene-sensitive stores and is insensitive to mitochondrial Ca2+

buffering (Fig. 2) [68,69,91,98,99]. Results with apamin indicate
that IK(Ca2+) does not mediate sGnRH-induced GH release (Fig. 1B),
whether this also applies to cGnRH-II has not been examined. Inter-
estingly, although PI3K inhibitors blocked the GH response to both
GnRHs, these inhibitors selectively attenuate the [Ca2+]i increases
to cGnRH-II but not sGnRH, indicating that PI3K may  be involved in
the activation of differential Ca2+ signalling by the two GnRHs [91].
sGnRH and cGnRH-II stimulation of GH release also involve a TTX-
insensitive, but extracellular Na+-dependent mechanism that can
be attributable to the involvement of amiloride-sensitive Na+/H+

exchange. sGnRH and cGnRH-II activation of this Na+/H+ antiport
system via PKC activation results in alkalinization of intracellular
pH (Fig. 2) [78,100]. How the two GnRHs activate non-identical
signalling cascades to increase GH release is unknown as the
two cloned goldfish GnRH receptors binds both GnRHs with high
potency [101].

Early investigations with a putative purified common carp
GHRH indicate that GHRH can stimulate GH release in goldfish
by direct actions on pituitary cells but its effect are not robust
and cannot be demonstrated at certain reproductive stages [102].
More recent data suggest that this putative carp GHRH may  be
a PACAP-related peptide. Genuine goldfish GHRH stimulates GH
release from goldfish pituitary cells and elevates cAMP levels in
CHO cells expressing goldfish GHRH receptors, indicating that
GHRH may  utilize cAMP signalling in stimulating GH secretion
(Fig. 2) [103,104].  However, the involvement of cAMP and other
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Fig. 2. Schematic summary of receptor-signal transduction cascades mediating the stimulatory effects of neuroendocrine factors on GH release from goldfish somatotropes.
Briefly,  the differential use of second messenger systems, including multiple pharmacologically distinct intracellular Ca2+ stores and Ca2+ uptake/buffering systems, allows for
the  ligand-specific interactions controlling induced GH secretion. In addition, the potentiating effects of intrapituitary GH and LH on GH release as revealed in carp pituitary
cells  are also shown.

signalling mechanisms in GHRH actions on goldfish somatotrophs
need to be confirmed.

On the other hand, PACAP has been shown to be a consistent
stimulator of GH release in goldfish and other cyprinid species.
PACAP acts via PAC1 receptors on goldfish somatotrophs to acti-
vate AC/cAMP/PKA signalling leading to increases in Ca2+ entry
through L-type VSCC and GH secretion (Fig. 2) [105]. The role of
PLC/PKC in mediating PACAP action is controversial as two  inde-
pendent studies in goldfish yielded conflicting results [85]. DA
acting via D1 receptors also stimulates GH release via AC/cAMP/PKA
and subsequent activation of VSCC but does not utilize PLC/PKC
(Fig. 2). The GH release responses to the two GnRHs are addi-
tive to those of either PACAP or DA; likewise, activation of PKA
and PKC directly produced additive GH responses [92,97].  Inter-
estingly, GnRH, PACAP and DA can all elicit increases in [Ca2+]i
in the same identified goldfish somatotrophs suggesting that PKA
(PACAP/DA) and PKC (GnRH) form two major signalling pathways
leading to GH release in the same cell [76]. PACAP and DA action
on GH release also involve intracellular Ca2+ stores that are dis-
tinct from one another, as well as from GnRH (Fig. 2). Both DA
and PACAP utilize stores that are blocked by TMB-8 and require
BHQ-sensitive SERCAs for refilling; however, PACAP, but not DA,
action also involve caffeine-sensitive stores and is modulated by

mitochondrial Ca2+ buffering and IP3-sensitive mechanisms. On  the
other hand, unlike the GnRHs, both PACAP and DA actions are mod-
ulated by Tg and are insensitive to Ryn, and the cAMP-dependent
GH release does not appear to involve Na+/H+ antiport. In addition,
DA but not PACAP, utilizes PLA2/AA and NOS/NO signalling path-
ways [68,69]. Whether these differences in NOS/NO, PLA2/AA, or
PKC and PKA involvements contributes to and/or are related to the
differences in intracellular Ca2+ stores and their properties between
PACAP, DA, sGnRH and cGnRH-II remains to be investigated and
would be an intriguing area for future research. Nonetheless, these
results represent one of a few instances in which the presence and
ligand-specificity of different pharmacologically distinct intracel-
lular Ca2+ stores and Ca2+ buffering systems have been examined
in endocrine cell systems.

Ghrelin GHSR-1a receptor mRNA is expressed in the goldfish
pituitary and ghrelin stimulation of GH release is also dependent
on increases in [Ca2+]i via Ca2+ influx through VSCCs in goldfish
[106,107]. Recent results indicate that ghrelin activates PKC, but
not PKA, and in accordance with previous results, PKC is upstream
of the increases in [Ca2+]i in identified goldfish somatotrophs that
accompanies the GH release response (Fig. 2) [108]. Interestingly,
activation of PKA potentiated ghrelin-induced GH release without
altering the Ca2+ signal, suggesting that ghrelin and PKA-utilizing
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Fig. 3. Schematic summary of post-receptor signal transduction mechanisms mediating the inhibitory effects of neuroendocrine factors on basal GH release from goldfish
somatotropes. Stimulatory influences on signalling components are indicated by the open arrows while inhibitory influences are indicated by blunt-ended lines. Receptor
subtype(s) mediating the actions of the three endogeneous SS forms are unknown (SstRx?). Briefly, inhibitory regulators can exert their effects by actions at multiple levels
of  signal transduction cascades, including voltage-sensitive ion channels, production of cAMP and sites distal to cAMP and Ca2+ mobilization.

neuroendocrine stimulators may  act synergistically at sites down-
stream of increases in [Ca2+]i to potentiate the GH release response
[106–108].

In contrast to the ultra-short negative feedback action of GH on
GH release in mammals, local paracrine/autocrine effects of pitu-
itary GH further enhances GH release in carp primary pituitary
cell cultures directly via JAK2 and ERK or indirectly by increas-
ing the available GH pool via JAK2 and PI3K. Likewise, carp LH
intrapituitary action also directly stimulates GH release via a cAMP-
dependent pathway (Fig. 2) [95]. Whether such positive local effects
of LH and GH exist in other teleosts including goldfish (another
cyprinid) remains to be elucidated.

4.2.3. Inhibitory neuroendocrine regulators
The inhibitory effect of SS-14 on GH release in vitro and in

vivo has been demonstrated in goldfish [75,109,110]. Consistent
with the hypothesis that all three goldfish brain SSs may have
hypophysiotropic actions, SS-14, gbSS-28 and [Pro2]SS-14 are all
able to reduce basal and stimulated GH release in vitro. However,
rebound increases in GH release upon removal of the SSs as seen
for SS-14 in mammals has not been observed. SS-14 is the most
effective on basal GH release while gbSS-28 is the most potent; the
ranked order of potency is gbSS-28 > SS-14 ! [Pro2]SS-14 (Table 1)
[75]. This observation is at variance with the inability of longer
(salmon SS-25 and catfish SS-22) SS isoforms to regulate basal GH
release in goldfish pituitary fragments [111], suggesting species dif-
ferences, as well as isoform-specific actions, in the ability of longer
SS isoforms to alter GH release.

While SS-14, [Pro2]SS-14 and gbSS-28 all decreased basal cAMP
and [Ca2+]i levels, the potency and efficacy of the three SSs on
these changes are not well correlated with the ability of the SSs
to reduce basal GH [75]. On the other hand, the duration of the
reduction in [Ca2+]i is correlated with the effectiveness of the SSs

to decrease basal GH release [112]. In patch-clamp experiments, the
three goldfish brain SSs have no effects on Na+ current but enhanced
the magnitude of K+ currents (Fig. 3); however [Pro2]SS-14 is the
least effective on IK. In addition, only SS-14 and gbSS-28 reduced
HVA VSCC current magnitude in identified goldfish somatotrophs
(Fig. 3). While SS-14 is effective against both the early and sus-
tained phases of the Ca2+ current, gbSS-28 action is mainly seen
during the sustained phase of the current. Thus SS-14 and gbSS-
28 can potentially reduce basal [Ca2+]i in goldfish somatotrophs
through a reduction of cell excitability via increases in IK, as well
as a direct reduction of HVA VSCC currents; however, [Pro2]SS-14
effects are likely restricted to actions dependent on the modulation
of IK. Interestingly, SS-14 and gbSS-28 direct action on VSCC current
reduction persist for about !20 min  after washout of the peptide
and the action of gbSS-28 on VSCC has a delay of about 5 min  before
it is manifested [77]. Consistent with these properties concerning
VSCCs, high extracellular KCl (depolarization)-induced increases in
[Ca2+]i were not affected when KCl was  applied 2 min  into gbSS-
28 treatment, but was  attenuated when KCl was applied 17 min
following termination of gbSS-28 treatment (Fig. 4A, C). Likewise,
prior exposure to SS-14, but not [Pro2]SS-14, attenuated the [Ca2+]i
response to a subsequent KCl challenge applied 17 min  afterwards
(Table 2). Unexpectedly, the GH response to KCl-induced depolar-
ization was  reduced when applied 2 min  into gbSS-28 application
but not at 17 min  following termination of gbSS-28 treatment
(Fig. 4B, D). This dissociation between [Ca2+]i and GH release
indicates that gbSS-28 must also act independently of [Ca2+]i to
suppress basal GH secretion. In addition, these and other results
on the effects on goldfish SSs on stimulated GH release discussed
below point to the fact that the relationship between [Ca2+]i and
hormone secretion are not necessarily linear all the time.

Information on the mechanisms by which SSs inhibit GH release
responses to stimulatory neuroendocrine factors are limited to
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Fig. 4. Effects of concurrent application (A and B) or prior treatment (C and D) with 10 nM gbSS-28 on 30 mM KCl-induced changes in [Ca2+]i in identified goldfish somatropes
and  GH release from mixed populations of dispersed goldfish pituitary cells in column perifusion, and (E) the effects of the three native goldfish brain SSs (0.1 !M SS-14, 10 nM
gbSS-28 or 0.1 !M [Pro2]SS-14) on basal and 100 nM GnRH-stimulated GH mRNA expression levels in 12 h static incubation. Ca2+ imaging studies (A and C) were performed
using Fura-2AM preloaded cells according to published procedures (references [84,109]). [Ca2+]i measurements were expressed as a percentage of basal value (average of the
first  five 15-s measurements in each experimental series; n = 6–12 in each of the groups in A and C). GH release studies (B and D) followed procedures as described previously
(references [79,93]) and GH values were normalized as a percentage of pretreatment values (average of the first five measurements of the perifusion run; n = 6 for each
treatment group; mean ± SEM). GH mRNA levels (E) were measured by real-time PCR, normalized against those of goldfish GAPDH mRNA in the same samples according to
published procedures (references [84,141]), and expressed as a percentage of basal control values (mean ± SEM; n = 5–9). Different letters of the alphabet identify treatment
groups that have GH mRNA levels that are different from one another (Kruskal–Wallis followed by pair-wise comparison using U-test; P < 0.05).

sGnRH, cGnRH-II, DA and PACAP at present (Table 1). SS-14 does not
significantly affect the ability of sGnRH and cGnRH-II to increase
[Ca2+]i in goldfish somatotrophs and paradoxically enhances the
Ca2+ response to a synthetic DAG [109]. In contrast, gbSS-28 reduces
the Ca2+ responses to sGnRH, cGnRH-II and PKC activators, and
in the presence of PKC inhibitors, SS-28 can further attenuate the
GnRH-elicited Ca2+ signal [99]. These and other observations sug-
gest that while gbSS-28 can reduce GnRH-induced Ca2+ signals
by inhibiting PKC-mediated effects on Ca2+ entry through VSCCs,
it may  also alter GnRH effects on intracellular Ca2+ mobilization.
Whether SS affects PI3K and/or MEK  signalling is not known, but
SS-14 and gbSS-28 reduce NO-stimulated GH release and/or Ca2+

signals [69,76],  suggesting that these two SSs can also target sites
downstream of NO to inhibit GnRH-induced GH release. In view of
the fact that SS-14 and gbSS-28 both reduce Ca2+ ionophore-elicited

GH release, they must also act downstream of Ca2+ to reduce GnRH
effects on somatotroph GH secretion [69].

SS-14 inhibition of the GH responses to DA D1 and PACAP is
correlated with its ability to reduce cAMP production, and the mag-
nitude of the [Ca2+]i responses to DA D1, PACAP and AC activation
by forskolin (Table 1) [110]. However, the cAMP agonist-induced
Ca2+ signal is not affected by SS-14, although SS-14 inhibited the
GH release response. Thus, SS-14 inhibition of the GH secretory
response to DA D1 and PACAP is largely manifested by action at
site(s) distal to elevations in [Ca2+]i although the proximal mecha-
nisms may  contribute to its effectiveness. On the other hand, SS-28
reduced PACAP-stimulated GH release and [Ca2+]i increases, but not
the GH release or Ca2+ signal elicited by forskolin or a cAMP ana-
log, indicating that SS-28 acts via cAMP-independent mechanisms
to reduce PACAP’s ability to increase [Ca2+]i (Table 1) [112]. This
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Table 2
Effects of prior treatment with either 0.1 !M SS-14, 10 nM gbSS-28 or 0.1 !M
[Pro2]SS-14 on the [Ca2+]i responses to a subsequent 2-min application of 30 mM KCl.
Results (mean ± SEM) presented were derived from KCl “positive controls” applied
17 min  following termination of SS treatment in experiments presented in reference
[112] and Fig. 4. Net total response is expressed as % basal ! time (s) while maximal
net  increase in amplitude is expressed as % basal.

n KCl-induced [Ca2+]i response

Net total response
Control 6 24,210 ± 481
SS-14 18 8071 ± 1365*

gbSS-28 11 6315 ± 1181*

[Pro2]SS-14 11 26,483 ± 4782

Maximal net increase in amplitude
Control 6 383 ± 26
SS-14 18 117 ± 30*

gbSS-28 11 59 ± 13*

[Pro2]SS-14 11 323 ± 49

* Identifies a significant difference from control (ANOVA followed by Fisher’s PLSD
test, P < 0.05).

effect on [Ca2+]i may  be due to SS-28 actions on VSCC functions,
although interference with intracellular Ca2+ mobilization and/or
Ca2+ buffering are also possible. Interestingly, SS-28 reduces DA
D1-induced production of cAMP, but not its [Ca2+]i or GH release
response. In this context, SS-28 inhibits NO-induced [Ca2+]i and
GH responses as well as VSCC functions. Thus, the ability to use
NO signalling and VSCCs are not likely to be the mechanism by
which DA D1 bypasses the SS-28 inhibition of cAMP production to
maintain normal [Ca2+]i and GH secretion [112]. Whether this is
due to the presence of AA-dependent signalling or the ability of DA
D1 to access unique intracellular Ca2+ stores not affected by SS-28
remains to be investigated.

How [Pro2]SS-14 inhibits the GH responses to the GnRHs, DA
and PACAP has not been directly explored, but this SS isoform is
able to decrease GH responses by actions at site(s) distal to [Ca2+]i
increases, AA, NO, cAMP and PKC (Table 1) [75]. Although SstR1-
3 and SstR5 are present in the goldfish pituitary, the exact SstRs
(or suite of SstRs) mediating the ability of the three SSs to differ-
entially affect stimulated and basal GH release and ion currents in
the goldfish pituitary is not known. However, SstR5 in transfected
cells has a slight selectivity for gbSS-28 in terms of attenuation of AC
activation providing support for the idea that differential signalling
through SstR isoforms may  be involved [113–116].

5HT acts directly on goldfish pituitary cells via 5HT-2-like recep-
tors to suppress basal GH release and to inhibit the GH responses
to GnRH and DA D1 [117,118].  How 5HT inhibits basal GH release
is not known (Fig. 3) but a reduction in [Ca2+]i is not involved.
On the other hand, 5HT likely inhibits GnRH-induced GH release
by actions downstream of PKC activation to reduce the Ca2+ sig-
nal, but not at targets distal to [Ca2+]i rises induced by sGnRH and
cGnRH-II (Table 1) [119]. Likewise, NE reduces basal GH release
and inhibits GnRH-, DA- and PACAP-induced GH secretion through
"2-adrenergic receptors. These "2-adrenergic effects are exerted
at the level of cAMP and Ca2+ signal generation, as well as at sites
downstream of PKC, Ca2+, AA and cAMP (Table 1) [69,120].

Consistent with the hypothesis raised in Section 4.2.1 that
AC/cAMP/PKA signalling and its subsequent actions on VSCCs is
important in the control of basal GH release, NE inhibition of
basal GH release from goldfish pituitary cells is accompanied by
decreases in basal cAMP production (Table 1; Fig. 3). Although sig-
nificant suppression of global [Ca2+]i is not observed, the ability of
NE to reduce basal GH release is attenuated in the presence of L-
type VSCC blockers [120]. Likewise, NE-induced reduction in basal
GH is followed by a rebound increase in GH secretion that is accom-
panied by increases in [Ca2+]i and can be mimicked by AC activation
[121].

5. Regulation of GH gene expression in goldfish and other
teleosts

Like mammals, Pit-1 is present in somatotrophs of zebrafish
[122], as well as in the pituitaries of carp [123], rainbow trout [124],
and Atlantic salmon [125] and is thought to interact with other sig-
nal transduction target proteins to mediate neuroendocrine effects
on GH synthesis in teleosts. Unlike basal GH release (see Section
4.2.1), results from tilapia indicate that cAMP/PKA is not involved
in the regulation of basal GH mRNA transcription [126].  In gold-
fish, modulation of Ca2+ signals and pools affect basal GH mRNA
expression and total GH protein production differently. Tg (by
inference, depletion of Tg-sensitive Ca2+ stores) reduced GH pro-
duction, but did not alter GH mRNA levels, whereas inhibition of
the Ryn-sensitive Ca2+ release channel (by inference, elevation of
Ca2+ in Ryn-sensitive Ca2+ stores) increased total GH production
and GH mRNA levels. On the other hand, elevation of [Ca2+]i by
increased Ca2+ entry via VSCCs through KCl-induced depolariza-
tion suppressed basal GH mRNA levels [84]. Taken together, these
results clearly show that intracellular signalling systems, including
Ca2+ signalling, involved in basal GH gene expression and total pro-
tein production are often dissociated from those involved in basal
GH release.

In terms of the neuroendocrine regulation of GH gene expres-
sion, fish GHRH has been reported to elevate pituitary GH mRNA
levels in the olive flounder [127], but its mechanism of action is
not known. sGnRH and/or cGnRH-II increase GH transcript lev-
els in goldfish and common carp pituitary cells [128,129],  but
not in zebrafish [130], blue gourami [131] or coho salmon [132].
sGnRH and cGnRH-II effects in goldfish are mediated by MEK/ERK
signalling, but not PKC [128]. Activation of D1 receptors by DA stim-
ulates GH gene expression through cAMP/PKA in tilapia [133]. This
cAMP-induced GH gene transcription is thought to be mediated
through functional CREs located in the promoter region of GH gene
[134] and is also dependent on Pit-1 binding [135].  PACAP simi-
larly elevates pituitary GH mRNA levels in grass carp and zebrafish
[130,136].  Results from monitoring grass carp GH promotor activ-
ity indicate that PACAP acts by enhancement of cAMP, Ca2+ entry
through VSCCs, and calmodulin kinase [136–138]. On the other
hand, a newly identified goldfish PACAP-related peptide does not
alter GH mRNA levels in goldfish pituitary cells [139] although
that of the blue gourami did in a homologous system [140]. These
observations suggest that GH gene expression is stimulated by dif-
ferent ligand-specific signalling mechanisms, however, whether a
certain neuroendocrine factor influences GH gene expression may
be species dependent. However, the ability of neuroendocrine fac-
tors in GH expression is highly time dependent (e.g., GnRH action
in goldfish, [141]) and some of the negative data may  need further
evaluation.

Understanding of the mechanisms of action mediating
inhibitory regulators of GH gene expression in fish is even more
limited than that for stimulatory regulators. Like mammals, SS-14
is ineffective in regulating basal GH mRNA expression in tilapia
and rainbow trout [126,133].  Likewise, SS-14 and gbSS-28 did not
alter basal GH transcript level but all three SSs significantly reduced
cGnRH-II stimulation of GH mRNA expression in a recent study with
goldfish pituitary cells (Fig. 4E). In the presence of sGnRH only SS-
14 significantly reduced GH mRNA level relative to basal conditions
and compared to sGnRH treatment, and surprisingly, [Pro2]SS-14
elevated basal GH mRNA levels (Fig. 4E). Although the mechanisms
mediating these effects of goldfish SSs have not been examined,
these observations clearly indicate goldfish SSs can have isoform-
specific effects not only on basal GH gene expression, but also have
isoform-dependent interactions with the two  goldfish GnRHs in
the modulation of GH gene transcript levels. In grass carp pituitary
cells, NE suppressed basal, as well as PACAP-induced elevation in
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GH mRNA levels. Grass carp GH gene promotor activation stud-
ies in transfected cells indicate that NE inhibits PACAP effects by
interfering with the activation of cAMP/PKA and Ca2+ entry through
VSCCs [136]. Two RF-amides of the GnIH/prolactin-releasing hor-
mone family have also been reported to suppress GH mRNA levels
in the sea lamprey but its mechanisms of action are unknown [142].
Also, whether 5HT affects GH gene expression has not been inves-
tigated.

GH synthesis in fish is sensitive to the feedback actions of
peripheral hormones such as IGFs, sex steroids, thyroid hormones,
glucocorticoids and activin [126,130].  GH gene expression in fish
also appears to have an intrapituitary regulatory loop [95]. Grass
carp somatotrophs express GH and LH receptors and exogenous
GH (porcine GH) or LH (hCG) elevates GH expression in dispersed
grass carp pituitary cells. LH stimulates GH secretion via cAMP
while activation of JAK2, MAPK and PI3K pathways mediates the
GH transcriptional responses to GH and LH [95].

6. Conclusions

It is clear that ligand- and function-specific intracellular sig-
nalling are differentially involved in the neuroendocrine regulation
of somatotroph functions in fish and that regulation of GH synthesis
is often dissociated from the control of secretion. The clear multi-
factorial regulation of somatotroph functions and differential use of
signalling pathways in fish may  form the basis for the understand-
ing of similar regulatory aspects in higher vertebrates, including
mammals, as the ability of factors other than GHRH, ghrelin and SS
to control GH release and synthesis are being revealed in these ver-
tebrate groups. Understanding how different second messengers
interact is key to elucidating how the effects of different neuroen-
docrine regulators are integrated and expressed. In particular, the
complexity of Ca2+ signalling including the roles of different Ca2+

stores needs further investigation. The participation of PI3K and
MEK/ERK signalling in the control of GH release also points out that
the classical view of the functions of some signalling pathways may
be too limiting. That isolated goldfish somatotrophs in culture do
not exhibit spontaneous APs also suggests that there may  be funda-
mental differences in somatotroph properties between and within
vertebrate groups. In addition, the ability of the three goldfish brain
SSs to selectively modulate goldfish GH cell functions suggest that
the presence of SS-28 in mammalian pituitary may  have a specific
relevance and not all SS neuroendocrine effects are mediated by SS-
14. Results from these studies also contribute to the understanding
of how the diversity of intracellular Ca2+ and other transduction
mechanisms functions in the coordinated regulation of secretion
and synthesis of other vertebrate endocrine and non-endocrine cell
types.
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