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Abstract

Neuroendocrine régulation of vertebrate growth and reproduction is a 

multi-factorial process and includes growth hormone (GH) and luteinizing 

hormone (LH) release. In goldfish, the orexigenic peptide ghrelin (gGRLNiç») 

stimulâtes GH and LH release, making it a potential link between energy balance, 

growth, and reproduction. However, how gGRLN 19 interacts with other 

neuroendocrine regulators o f GH and LH release and its mechanisms of actions 

are unknown. To elucidate these aspects, I cloned a partial sequence o f the 

gGRLN receptor (gGHS-R) and demonstrated the presence o f gGHS-R mRNA, 

together with that for gGRLN, in goldfish brain and pituitary tissues using 

polymerase chain reactions. Preliminary Western blot results supported the 

presence of gGHS-Rl-like proteins in goldfish pituitary extracts. Using goldfish 

pituitary cell primary cultures in cell column perifusion hormone release and fura-

2, AM Ca2+-imaging studies, gGRLN 19-induced GH and LH release were found
2+ 2+ to involve increases in intracellular free Ca levels via extracellular Ca entry

through L-type voltage-sensitive Ca2+ channels, protein kinase C, and ni trie oxide.

However, protein kinase A only participated in gGRLN 19-induced LH release,

while its activation potentiated gGRLNiç-elicited GH release. Utilization o f nitric

oxide synthase (NOS) isoforms differed, with nNOS and iNOS participating in

GH and LH responses, respectively. Pretreatment with pituitary adenylate

cyclase-activating polypeptide (PACAP) potentiated gGRLN 19-induced GH, but

not LH, release while pretreatment with gGRLN 19 followed by PACAP did not

enhance hormone sécrétion. gGRLN 19 increased GH release in the presence of

goldfish GH-releasing hormone (gGHRH) and dopamine (DA), but potentiated

GH responses were not observed. Both basai LH release and the LH responses to

gGRLNig were inhibited by gGHRH and DA. On the other hand, gGRLN 19 failed

to further elevate GH and LH sécrétion in the presence of salmon gonadotropin-

releasing hormone (sGnRH) and chicken (c)GnRH-II.



Overall, gGRLN 19 induces both GH and LH release through gGHS-R 

mediated, cell-selective signalling pathways and exhibits complex interactions 

with other endogenous regulators o f pituitary hormone release in a cell type-, 

ligand-, and treatment sequence-specific manner. Results support the idea that 

gGRLN 19 régulâtes growth and reproduction, identify gGHRH as a novel LH 

release inhibitor, and further our understanding o f neuroendocrine régulation of 

these processes.
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Chapter 1 -  Introduction and Background
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In vertebrates, body growth, sexual maturation, and many other key 

physiological functions are regulated by growth hormone (GH) and the 

gonadotropin luteinizing hormone (LH) [28, 315], LH stimulâtes gonadal sex 

steroid production and plays an important rôle in enhancing final gamete 

maturation and the induction o f ovulation and sperm release [315]. GH is known 

to be an important stimulator o f somatic growth and it also enhances the gonadal 

steroidogenic responses to LH [28]. The release o f these hormones from the 

pituitary is controlled by many interacting hypothalamic factors that intégrâtes 

multiple inputs from various régions of the brain, as well as by factors from other 

internai organs or tissues [28, 315]. Thus, understanding the signalling 

mechanisms involved in mediating the effects of these regulators on pituitary GH 

cells (somatotropes) and LH cells (gonadotropes), as well as how these 

intracellular mechanisms may interact, is critical to the overall compréhension of 

growth and reproduction régulation in vertebrates. My thesis focuses on how the 

neuroendocrine regulator ghrelin (GRLN), a well-known orexigenic peptide 

acting as the endogenous ligand for the GH secretagogue receptor (GHS-R) [169, 

171], exerts its effects on GH and LH (also called maturational gonadotropin or 

GTH-II in fish; [315]) release from goldfish pituitary cells at the level o f receptor- 

signal transduction and its interactions with several known regulators o f GH and 

LH sécrétion in this model System. Another pituitary gonadotropin, follicle- 

stimulating hormone (FSH; also called GTH-I in fish [315]), plays an important 

rôle in initiating gametogenesis [315]; however, as a resuit o f limitations within 

the laboratory, a radioimmunoassay for goldfish FSH is not currently available 

and thus the effects o f GRLN on FSH sécrétion is not examined in this thesis.
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1.1. Ghrelin

1.1.1. Discovery and général structure

The discovery o f GRLN was reported by Kojima and colleagues in 1999 

[169]. It is a member of a peptide superfamily which includes various forms o f 

GRLN and motilin and has been referred to as the GRLN family of peptides [171, 

236]. GRLN has since been shown to be involved in the régulation o f many 

physiological processes, including stimulation of GH sécrétion and feeding 

behaviour, as well as régulation o f LH sécrétion and immune function [171,319]. 

The amino acid sequence o f GRLN varies in différent vertebrate groups but the 

N-terminal sequence is relatively well conserved (Fig. 1.1) [170,171]. The first 

10, 7, and 6  amino acids in the NH 2 terminal are highly conserved, respectively, in 

mammalian, avian and fish GRLNs [170, 171]. Amphibian forms are not well 

characterized but appear to exhibit a greater degree o f variation [170, 171]. The 

third residue is almost universally serine (although bullfrogs contain threonine) 

and contains an acyl modification, generally n-octanoylation [170, 171], which is 

critical to GRLN’s GH-releasing ability. Octanoylation is carried out by the 

GRLN O-acyltransferase (GOAT) enzyme [98, 358]. Peptide lengths vary from 

28 amino acids in mammals to only 12 in some teleost forms [170, 171, 319].

In goldfish, GRLN is predicted to have at least two possible forms based 

on sequence analysis, a 12 amino acid form (gGRLN 12) and a 19 amino acid form 

(gGRLNig) (Fig. 1.2; [321]), however only the 19, but not the 12, amino acid 

form is présent among the 1 1  variants biochemically purified from goldfish 

intestine [221]. Like other GRLN forms, gGRLN function in the pituitary is 

dépendent on an n-acyl modification on the 3rd residue [321]. Synthesized 

gGRLNi9 , containing an octanoylation (C8:0) on the 3rd serine residue, has been 

shown to be active in fish [321]; however, GRLN containing other modifications 

on the 3rd serine residue, from acetyl (C2:0) up to palmitoyl (C l6:0), have also



been shown to be biologically active in CHO-GHS-Ré2 cell lines, as indicated by 

increases in intracellular free Ca2+ concentration ( [C a 2+]i) [207].

1.1.2. GRLN gene structure, products, and régulation

The location and expression profile of the GRLN gene locus is unknown 

in many animal models, however the human GRLN gene has been identified on 

the short arm of chromosome 3 [279, 280], while the mouse [304] and zebrafish 

[152, 241] GRLN genes have been localized to chromosome 6 . These genes are 

organized in a similar manner with four coding exons, as well as one upstream 

exon in the mouse and two in the human loci [279, 280, 304]. The coding exons 

of the both the murine and human gene translate into a 117 amino acid prepro- 

GRLN which is cleaved to produce a 94 amino acid pro-GRLN peptide from 

amino acids 24-117. This pro-GRLN is further processed to form a 28 amino acid 

GRLN peptide and a 6 6  amino acid C-terminal peptide called C-GRLN (Fig. 1.3). 

Detailed post-translational processing information is currently unavailable for the 

zebrafish pre-proGRLN.

In addition to GRLN, the GRLN gene encodes for other products, 

including identified hormones, regulatory products, and putative peptides. A 

recent review [280] describes 7 différent gene-derived transcripts from the human 

GRLN gene and 6  for the mouse (Fig. 1.3 & 1.4.). Peptides, including GRLN, 

A3D peptide, and obestatin, can be translated from various transcripts. GRLN can 

only be fully translated from the wild-type prepro-GRLN, propro-des-Glnl4- 

GRLN, and Aex2 prepro-GRLN transcripts, ail o f which are found in both the 

human and mouse model Systems. Truncated forms o f GRLN, the function of 

which remains to be fully understood, can be translated from many human and 

mouse transcripts, such as Aex2 prepro-GRLN and In2 prepro-GRLN (Fig. 1.4.). 

Full C-GRLN, which contains the full obestatin sequence, can be obtained from 

many human forms but only wild-type and prepro-des-Glnl4-GRLN in the 

mouse. Obestatin can be obtained from altemate C-GRLN transcripts in both
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mouse and humans, nevertheless, this links the potential production of obestatin 

directly to production of GRLN from prepro-GRLNs [280, 367]. Although the 

significance o f the various prepro-GRLN gene-derived transcripts, and their 

products, has not been well-characterized, it has been postulated that some of 

these products act as regulatory peptides by interacting with either GRLN or its 

receptor. For example, if alternately spiced transcripts were not further processed, 

these longer products may bind the GHS-R and decrease the affinity o f GHS-R 

for other molécules and thus increasing the specificity and selectivity for GRLN 

binding. Altematively, it has been proposed that smaller products from 

altematively spliced prepro-GRLN transcripts may act as GRLN-binding proteins 

to reduce the turnover rate for GRLN, or they may interact with GOAT, which 

octanylates the 3rd serine in the GRLN peptide [98, 156,189], thus modulating 

GRLN activity.

The gGRLN gene represents the best characterized in regards to teleost 

GRLN gene structure and processing. The gGRLN gene possesses 4 exons and 3 

introns which is transcribed to form a 490 base pair (bp) prepro-GRLN message 

encoding a 103 amino acid prepro-GRLN peptide (Fig. 1.2) [321], The 205 bp 

exon 1 contains the 5’ untranslated région (UTR) and the sequence for the first 12 

amino acids o f mature gGRLN and is foliowed by a 79 bp exon 2, which 

translates into the remaining portion o f the peptide. Exon 3 is 109 bp in length 

and encodes part o f the C-peptide (C-GRLN) while exon 4 is 95 bp long and 

contains the remaining C-GRLN sequence and the 3’ UTR. Depending on how 

cleavage occurs, further processing of the 490 bp goldfish prepro-GRLN is 

predicted, as mentioned earlier, to yield either a 12 or 19 amino acid long mature 

peptide [321]. Preliminary polymerase chain reaction (PCR) evidence suggests 

that goldfish tissues express GOAT mRNA (C. Grey, unpublished), which 

together with the requirement of n-acyl modification on the 3rd residue for the 

hormone-releasing action o f gGRLN [321] suggests that octanylation occurs as 

part of gGRLN peptide processing.
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Although régulation of the GRLN gene has received a lot of attention, 

there is limited knowledge regarding the mechanisms modulating its expression, 

aside from work done in human and rat models. A couple o f studies in fish 

models have identified changes in expression related to sexual dimorphism, 

developmental stages, and seasonality [319], For example, in tilapia it has been 

shown that prepro-GRLN mRNA levels are higher in females [248] and in Arctic 

char prepro-GRLN mRNA levels are higher in the autumn, prior to the sexual 

maturation season [90]. In the rat and human, molecular cloning and sequencing 

studies have identified two potential upstream stimulatory factor (USF) binding 

sites and both distal and proximal transcription initiation sites in the GRLN genes 

[339]. The core promoter sequence in the human GRLN gene spans bps -667 to - 

468 and cloned segments o f this promoter, found upstream of the proximal 

transcription initiation site, show the highest level o f activity when transfected 

into stomach and pituitary cell lines [339]. Similarly, the rat core promoter 

sequence is a 112 bp sequence spanning -581 to -469 upstream of the distal 

transcription initiation site. Deletion of 5’ upstream régions, which includes exon 

1 and 2, reduces relative promoter activity in the human GRLN gene but increases 

relative promoter activity in the rat GRLN gene [339], suggesting the régulation 

of this gene is species spécifie.

1.2. The receptor for GRLN, the GHS-R

1.2.1. Discovery and général structure

Prior to the discovery o f GRLN, many researchers noted that a handful of 

synthetic ligands could induce GH release from the pituitary gland o f various 

organisms, and the term GH secretagogues (GHS) was coined to refer to these 

stimulators [60], The GHS-R was subsequently discovered in 1996, and was 

shown to respond to synthetic GHS, including GHRP- 6  and hexarelin, as well as 

pituitary extracts [128]. GHS-R was subsequently supported as the endogenous
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receptor for GRLN based on the ability of GRLN to induce increases in [Ca2+], in 

GHS-R transfected CHO cells, as well as GRLN dose-response work with rat 

primary pituitary cultures [169], GHS-R has since been characterized as a 

multiple transmembrane domain (TMD) G-protein coupled receptor and is 

generally placed within its own superfamily or within the motilin family o f 

receptors, which includes other receptors with gastrointestinal peptides or 

neuropeptides as endogenous ligands such as GRLN, motilin, neuromedin U, 

obestatin, and neurotensin [171]. The GHS-R has two identified isoforms: GHS- 

R la  with seven TMD and GHS-Rlb, a truncated form with only five TMD [128, 

210]. Only GHS-Rla is considered to be active in mediating GRLN-induced GH 

release [60, 128]. Recent evidence, however, suggests that the presence of GHS- 

R lb  leads to formation of GHS-R la/GHS-Rlb heterodimers and the translocation 

of this receptor complex to the nucléus, thus resulting in an inhibitory form of 

régulation [187].

1.2.2. GHS-R gene structure and régulation

The majority o f information on the GHS-R gene cornes from mammalian 

models [254], In humans, the GHS-R gene is found at chromosomal location 

3q26.2 [210, 327] which puts it in close proximity to the GRLN gene, also found 

on chromosome 3 [279, 280]. The genomic structure o f the human G H S-Rla has 

been characterized as comprising a 5’ flanking région, which contains the 

promoter, followed by two exons, one intron, and the 3 ’ flanking région (Fig. 1.1) 

[128, 254]. The first exon codes for 796 bp, corresponding to the first 5 TMD, 

followed by 2152 nucleotides of intron sequence and then 1101 bp, corresponding 

to TMD 6  and 7 and the C-tail o f the GHS-R [128, 254] (Fig. 1.5). Positive 

régulation promoter régions exist between -951 to -643 bp and between -643 and - 

460 bp, which are under the control of pituitary-specific transcription factor (Pit- 

1) [128, 254], The human GHS-Rla is 366 amino acids long and has a molecular 

mass o f approximately 41 kDa [128, 254], In contrast, the GHS-Rlb is only 289 

amino acids long, however the first 265 amino acids are identical to that o f GHS-
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RI a, suggesting that it is a truncated form of the full-length receptor [60, 128, 

254]. Interestingly, recent research suggests distinct subtypes o f the GHS-Rla 

may be présent in différent tissues. For example, evidence supports that the heart 

and pituitary cells contain unique GHS-R sequences which show a high degree of 

similarity with the 41 kDa stomach form, but are 57 and 84 kDa, respectively [24, 

242]. The bovine GHS-R gene similarly mapped to BTA1, between BL26 and 

BMS4004, on chromosome 3 [67]. Not surprisingly, the protein structure o f the 

bovine GHS-R shows a high level of similarity with other mammalian forms, 

such as ovine (95%) and human GHS-Rs (94%) (Fig. 1.2), and demonstrates a 

typical 7 TMD structure. Bovine GHS-Rla cDNA has been sequenced as 1101 

bp in length, encoding a 366 amino acid receptor while bovine GHS-Rlb cDNA 

is 879 bp in length and encoding for a 292 amino acid receptor [67].

Interestingly, the same study identified many GHS-R polymorphisms using single 

base extension in conjunction with fluorescent amplified-fragment length 

polymorphism analysis and allele-specific polymerase chain reaction (PCR), 

however no functional significance has been identified for these bovine variants.

Molecular cloning and in silico analysis of GHS-R genes from non- 

mammalian vertebrates also provides a broader understanding of this receptor. 

Molecular analysis of the chicken GHS-R gene shows that it has a high degree of 

similarity with its mammalian homologs [103, 305]. However, cloning o f the 

chicken GHS-R cDNA reveals a 48 bp deletion at the 5’end o f exon 2 which 

translates into a lack o f TMD 6  in the chicken GHS-R. The significance o f this 

deletion remains unknown but this is likely to have an impact on the fonction of 

this receptor (see Section 1.3 below).

Work in fish species has also revealed some interesting fmdings. Three 

potential pufferfish GHS-R genes were identified [247]. When the one most 

similar to the human GHS-Rla (58% similar protein identity) was transfected into 

HEK-293 cells, they demonstrated similar bioluminescence responses, following 

GHS treatment, as human GHS-Rla transfected into similar Systems [247],
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Examination o f the transcriptional régulation o f the seabream GHS-R gene 

revealed the presence of many common transcription binding sites, such as 

activator protein 1 (AP-1), nuclear factor I (NF-1), and USF sites, as well as 

multiple unique sites including Pit-1, now identified in many other species, and 

estrogen and glucocorticoid response element sites [359]. These fmdings suggest 

that GHS-R gene expression régulation is complex and support the idea that 

GRLN/GHS-R System plays a rôle in the régulation o f a multitude of 

physiological processes, such as growth, development, reproduction and immune 

function ([359] and see Section 1.3 below). In silico analysis followed by 

immunohistochemistry and intestinal bulb functional characterization identified a 

zebrafish GHS-R with a high degree of similarity to other fish and mammalian 

GHS-R forms [241], Tilapia [154], rainbowtrout [153], channel catfish [292], and 

Atlantic cod [356] GHS-Rs, or GHS-R-like receptors, were ail characterized in 

the last five years. Rainbow trout has two predicted GHS-Rla-like receptor 

variants, both 387 amino acids long, and 3 predicted GHS-R lb-like orthologs 

[153]. The rainbow trout GHS-Rla-like receptor and GHS-Rlb-like receptor 

share similar amino acid sequences with other fish GHS-R forms; 67% to 

pufferfish GHS-Rla, 71% to black seabream GHS-Rla, 67% to zebrafish GHS- 

R la  and -2a, 60% to chicken GHS-Rla, and 58% to rat GHS-Rla [153]. The 

tilapia GHS-R-like receptor shows a high level o f similarity to the seabream 

(89%) but is less similar to rat and chicken forms o f this receptor, showing only 

54% and 60% similarity, respectively [154], The two channel catfish GHS-Rs 

also show varying similarity with other identified GHS-Rs, ranging from 76% 

similar to zebrafish GHS-Rla to only 59% with rainbow trout GHS-Rla-like 

receptor [292]. Interestingly, tilapia and rainbow trout GHS-R-like receptor 

expressed in mammalian HEK-293 or CHO cell lines don’t show increases in 

[C a 2+]j in response to tilapia or rat GRLN [153, 154], suggesting that these may 

not be true GHS-Rs. Altematively, these receptors may play a unique rôle in 

tilapia and rainbow trout physiological function and/or that these receptors may
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require components absent in HEK-293 or CHO cells to be functional, although 

more research in this area is needed to clarify these possibilities.

While I was in the process of cloning the goldfish (g)GHS-R for this thesis 

work, researchers in Japan reported four full length gGHS-R sequence variants 

[151]. These are the gGHS-Rla (1083 bp type-1 and -2), and the gGHS-R-2a,

(1104 bp type-1 and 1101 bp type-2), both of which are thought to be active 

receptors in GRLN activity [151]. Currently no gGHS-Rlb forms have been 

identified in the goldfish and little else is known regarding genomic location, 

promoter régulation, or other genetic regulatory factors for gGHS-Rs.

1.2.3. GHS-R activity

GHS-R activity is complex. In pituitary cells, GHS mechanisms of action 

through GHS-R involve activation of phospholipase C (PLC), génération of 

inositol trisphosphate (IP3), and both mobilization o f intracellular Ca2+ from 

stores and Ca2+ entry via L-type voltage-sensitive Ca2+ channels (LVSCCs) which 

lead to a biphasic response characterized by a transient increase in [Ca2+]j 

followed by secondary sustained rise [25, 60,121]. However, GHS-R also 

exhibits a high level o f constitutive signalling and heterodimerization with other 

receptors which leads to switching of G-protein coupling and how ligands may 

act.

GHS-Rs transfected into COS-7 and HEK-293 display high levels o f 

constitutive activity, as observed through inositol phosphate (IP) turnover and 

cAMP response element (CRE)-dependent gene transcriptional activity [124], 

GRLN or GHS stimulation further increases this activity, while a GHS-R 

antagonist (inverse agonist) reduces it [124]. The constitutive activity o f the 

GHS-R is approximately 50% of its maximal capacity and this activity is linked to 

the hydrophobicity o f TMDs VI and VII [125], which are the sections absent from 

its truncated G HS-Rlb forms. Unliganded GHS-Rs colocalize with trafficking or 

recycling compartment proteins, such as Rab-5, Rab-11, and transferrin, and
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undergo intemalization [123]. This spontaneous GHS-R intemalization may be 

functionally relevant. For example, transfection of seabream GHS-Rla into 

HEK-293 cells reduces cadmium-induced apoptosis, but GRLN treatment does 

not modulate the level of apoptosis observed [182],

GHS-R also heterodimerizes with a number of other receptors and this 

heterodimerization alters its intracellular signalling. GHS-Rla heterodimerizes 

with dopamine (DA) D1 receptors (DIRs) and this leads to an increase in DA- 

induced cAMP accumulation within the cell and a switch in G-protein coupling 

from the Gai i/q to the Gai/0 subunits [134]. Formation o f GHS-Rla/DA D2 

receptor (D2R) heterodimers also modifies classical D2R signalling leading to 

DA activation of Ca2+ mobilization and increases in [C a 2+]j levels [158].

Moreover, pre-treatment o f GHS-Rla and D2R co-expressing cells with GRLN 

decreases the effects o f subséquent DA treatment, demonstrating cross- 

desensitization [158]. GHS-Rla has also been shown to heterodimerize with the 

serotonin (5HT) 2C receptor and the melanocortin 3 receptor [277], It is 

interesting to note that ail o f these receptors which heterodimerize with GHS-Rla 

are also involved in the control of food intake and energy balance, suggesting 

heterodimerization likely plays a rôle in régulation o f these fonctions. Thus, it 

appears that heterodimerization most likely allows for further control and fine- 

tuning, or even complété altération, o f how GRLN and other neuroendocrine 

factors exerts their physiological effects.

1.3. GRLN and the GHS-R: Distribution, fonctions, and signalling

1.3.1. Distribution andfunctions

GRLN has many functions within the body. To date, known fonctions of 

GRLN include régulation of food intake, pituitary hormone (GH, LH, prolactin, 

thyroid-stimulating hormone) release, pancreatic function, glucose and lipid
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metabolism, heart function, gastric motility and acid sécrétion, sleep duration, 

memory, leaming and behaviour, immune function, cell prolifération, and bone 

formation (reviewed in [152, 171, 189]). In addition, altered GRLN levels have 

been associated with several disease States, including anorexia nervosa, Prader- 

Willi syndrome, obesity, and type-2 diabetes [152, 171, 189]. GRLN’s best 

characterized functions are its orexigenic action and its effects on GH and LH 

release (the focus of this thesis); these are briefly reviewed for both mammals and 

fish models below.

1.3.1.1. In mammals

Although GRLN and its receptor, GHS-R, have been identified in multiple 

vertebrates, including hamster [317], chicken [103, 267, 288, 305], Japanese quail 

[163, 360], and frog [95, 300], a great deal of our knowledge on the distribution 

of GRLN and GHS-R, corne from human and rat studies. The earliest studies 

demonstrated the expression of GHS-R in the hypothalamus o f pigs, rhésus 

monkeys and humans, and in rat heart [24, 128]. The current consensus is that in 

humans, both GHS-Rla and GHS-Rlb mRNAs are expressed throughout various 

tissues, including brain, pituitary, gastrointestinal tract, thyroid, pancréas, spleen, 

myocardium, adrenal glands, skin, testis and ovary [27, 104]. Human GHS-Rla 

mRNA expression is highest in the pituitary and, interestingly, significant level of 

expression is found in somatotropes and the arcuate nucléus, an important 

hypothalamic area involved in the control of pituitary hormone sécrétion [27,

104], In contrast, the highest levels of expression o f GHS-Rlb mRNA are found 

in the skin and myocardium, but its expression is only marginally lower in the 

pituitary [104]. GRLN mRNA is also expressed in most human tissues [27, 104]. 

Likewise, GHS-R mRNA expression is widespread among tissues in rodent 

model Systems [71, 117, 286, 299, 370]. For example, the expression o f GHS-R 

mRNA has been reported in brain areas, including the hypothalamus and 

hippocampus, as well as the pituitary, o f rats [117] and mice [299, 370], and in 

testicular tissues o f rats [14], Western blot confirms the expression o f GHS-R
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protein in the hypothalamus, pituitary, and stomach of rats [286]; the 

gastrointestinal tract o f rats and humans [71]; and the pancreatic islets of 

Langerhans, including p-cells, o f rats [150]. These results support the idea that 

the GRLN/GHS-R System participâtes in the régulation of a wide range of 

physiological functions. Some o f these functions will be briefly outlined here and 

in the next section, to illustrate the importance of GRLN in a larger perspective, 

however spécifie détails on functions other than GH and LH régulation are 

beyond the scope o f the current thesis. More détail on the following functions can 

be found in recent reviews [152, 171, 172, 189, 319].

GHS-Rla and GHS-Rlb are both highly expressed in human myocardial 

tissue; however, GRLN mRNA copy numbers are quite low in comparison [104]. 

The functional significance of this discrepancy is unknown, but when taken 

together with studies supporting a unique GHS-R isoform in the heart [24], it may 

suggest that a modified form of GRLN, or a différent ligand altogether, might be 

involved in the régulation o f heart function through this receptor.

In support o f pancreatic function, as suggested by GHS-R mRNA 

expression in human pancreatic tissue, GHS-R immunoreactivity has also been 

found in rat islets, with weak signais in P-cells and both GRLN and GHS-R 

immunoreactivity in the periphery o f the islet of Langerhans. Furthermore,

GRLN treatment induces insulin sécrétion from rat pancreatic islets [72]. These 

and other results indicate that GRLN is involved in maintenance of glucose levels, 

glucose and lipid metabolism, promotion of gluconeogenesis, and régulation of 

glucose uptake and fatty acid oxidization [172, 189, 268, 369].

Interestingly, GHS-R has also been found in human and rat testis [14,

101], and in rat testis this expression has been shown to change throughout 

development, with the général GHS-R gene expressed continually through 

postnatal development while the GHS-Rla genes is only détectable from puberty 

onward [14]. GHS-R, but not GRLN, has also been detected in human ovarian



tissues at différent stages o f the menstrual cycle [102], suggesting an endocrine 

target for peripherally released GRLN or that another ligand may utilize this 

receptor.

GRLN and the GHS-R mRNA have also been identified in many immune 

cells, including human T-cells, B-cells, and neutrophils [120]. Additional work 

on human and mouse immune cells has identified an anti-inflammatory rôle for 

GRLN. For example, exogenous GRLN treatment decreases the production of 

pro-inflammatory cytokines interleukin (IL)-ip and tumor necrosis factor (TNF)- 

a while augmenting the production o f the anti-inflammatory cytokine IL-10 in 

lipopolysaccharide (LPS)-stimulated murine macrophages, a response which can 

be reduced with treatment of a GHS-R antagonist [337]. Additionally, chronic 

inflammation has been linked to modulation o f GRLN levels in human and rat 

[244] and GRLN also inhibits pro-inflammatory responses and activation o f NF- 

kB in human endothélial cells [188], further supporting a rôle for GRLN and its 

receptor in the immune system.

Although it is generally accepted that GRLN functions as an orexigenic 

factor, evidence in this regard is not straight forward, based on mammalian work. 

Multiple studies in mammalian models, including human, rat, and mouse, have 

reported orexigenic effects for in vivo GRLN treatments [171, 172, 233, 349, 

350]; however, work with GRLN gene-knockout mice reveals that GRLN is not 

critical to régulation of body weight or feeding behaviour. For example, current 

work links hypothalamic appetite régulation to the involvement of neuropeptide Y 

(NPY) and AMP kinase (AMPK) signalling [4, 172,215], and GRLN binding to 

the GHS-R leads to increases in AMPK and decreases in lipid synthesis [172,

173]; surprisingly, GRLN- or NPY-knockout mice show no abnormalities in body 

weight or feeding behaviour [80, 260], suggesting that GRLN and NPY are not 

critical to these functions, despite activating them. On the other hand, knockout 

of the GHS-R in mice leads to a lack of GRLN-induced GH release and feeding 

[299], supporting that GRLN does in fact médiate its orexigenic actions through



this receptor. Interestingly, despite GRLNs inability to stimulate GH and feeding 

behaviour in GHS-R knockout mice, these animais still grow normally and have 

normal body weights [299]. Early studies attempting to overexpress n-octanoyl- 

GRLN in mice were unsuccessful, in contrast, overexpressing des-acyl GRLN 

leads to smaller size, decreased body weight, and reduced sérum IGF-1 levels [5, 

131]. More recently, the overexpression of active GRLN in mice demonstrated 

hyperphagia, glucose intolérance, and reduced leptin sensitivity in the animais 

[18]. Thus it appears that GRLN does play a important rôle in the régulation of 

orexigenic behaviour, glucose régulation, metabolism, and body weight 

régulation, however the fact that removal of GRLN does not lead to significant 

observable changes in these physiological functions suggests that other factors 

may compensate for the loss of GRLN or that current models fail to fully identify 

how GRLN is involved in these processes.

Interestingly, the GRLN receptor GHS-R has been linked to the 

stimulation of GH release even before the discovery o f GRLN. Indeed, once 

discovered, GRLN was shown to dose-dependently induce GH release via 

increases in [C a2+]j in both humans and rats when administered in vivo, as well as 

in vitro [169, 171]. Furthermore, co-administration o f GHRH and GRLN elicit 

additive GH release responses in human [119]. However, some controversy 

regarding a link between GRLN and GH has surfaced. When examining 

corrélations between circulating levels o f GRLN and GH, some studies show no 

relationship [6], while others link them to fasting and time o f day [175, 216, 231]. 

Most early studies on circulating GH and GRLN, however, examined only total 

GRLN levels and did not differentiate between the GH-releasing form o f GRLN, 

acyl-GRLN, and the non-active form, des-acyl GRLN. A more recent study, 

focussing on acyl-GRLN, does support a link between GRLN’s circulating levels 

and GH release in fed and fasting men [234, 235].

Although GRLN’s ability to induce GH release is well established, and 

consistent across ail organisms tested to date, the direct effects of GRLN on LH
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sécrétion remain somewhat controversial and its mechanisms o f action are not 

fully understood. Many studies, however, have linked GRLN to LH release in 

multiple vertebrate species [152, 171]. In mammals, GRLN has been reported to 

stimulate, inhibit, as well as to have no effects on LH release. In human clinical 

studies, GRLN reduces plasma LH levels and abolishes LH pulsatility in healthy 

maies [167, 181]. On the other hand, GRLN injection does not affect GnRH- 

induced LH or FSH sécrétion in normally cycling women, indicating that GRLN 

may have différent effects depending on the sex and reproductive State. In 

ovariectomized rhésus monkey, intravenous human GRLN treatment also 

decreases LH plasma levels and puise frequency, without affecting puise 

amplitude [336]. Similarly, an intracerebral 3rd ventricular (ICV) injection of 

GRLN in ovariectomized rats suppresses LH levels for 1 hr through a réduction in 

puise frequency, but not the amplitude, o f LH secretory puises [93]. On the other 

hand, although GRLN was initially reported not to have direct actions on LH 

release in rats [169], later studies reveal that GRLN directly stimulâtes LH release 

from maie and female rat pituitaries in vitro, but this stimulatory effect is affected 

by the estrus status o f the donor female [83, 84]. Furthermore, the same group 

showed that GRLN-induced LH sécrétion in vivo is inhibited in prepubertal, as 

well as gonadectomized maie and female rats, and GRLN consistently atténuâtes 

gonadotropin-releasing hormone (GnRH)-induced LH release [82, 83], GnRH 

neuronal sécrétion is stimulated by kisspeptin and GRLN inhibits GnRH release 

and kisspeptin mRNA expression in rats [83, 87]. Taking together these 

observations, it seems likely that GRLN has multiple effects on the hypothalamic- 

pituitary axis regulating LH sécrétion in mammals, with a direct stimulatory effect 

on basai LH release, as well as inhibitory effects by actions on the kisspeptin- 

GnRH system and atténuation of GnRH action.

1.3.1.2. In fish

In a few fish species, tissue expression studies o f GRLN and the GHS-R 

have been reported. In rainbow trout, mRNA for the GHS-Rla-like peptide and
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GHS-R lb-like peptide are predominantly expressed in brain and pituitary tissues 

[153]. The mRNA levels o f the two identified channel catfish GHS-Rs vary 

among tissues, with the level of GHS-Rla mRNA expression being highest in the 

pituitary while GHS-R2a mRNA expression is low in the pituitary but high in 

other tissues, such as the Brockman bodies, intestine, gall bladder, spleen, and 

muscles [292], Similarly, gGHS-R isoforms and subtypes are also differentially 

expressed in various goldfish tissues [151]. For example, while both of the 

gGHS-Rla isoforms are expressed in the brain, gonads and gill, the gGHS-Rla-2 

isoform appears to have much higher mRNA expression in the liver and testis, as 

shown via quantitative real-time polymerase chain reaction (qPCR) [151]. On the 

other hand, the gGHS-R2a-1 isoform shows very low expression level in the gills 

but the gGHS-R2a-2 isoform appears to have high expression in the gills and 

lower expression in the ovary, liver and intestine régions o f the goldfish [151]. 

However, protein levels would need to be examined to confirm any différences 

currently reported. Whether these différences in mRNA expression translate into 

functional différences remains unknown, but given that GRLN has so many 

physiological functions (see Section 1.3.2 below), these data suggest that spécifie 

functions o f GRLN in différent fish tissues may be mediated, at least in part, 

through the use o f différent receptor isoforms.

In goldfish, ICV and intraperitoneal (IP) injections o f the 12 and 19 amino 

acid gGRLN forms, as well as human GRLN, at doses of 1 and 10 ng/g body 

weight, increases food intake [320]. On the other hand, sérum levels o f GRLN 

decrease within 1 h after feeding while starvation induces a transient increase in 

sérum GRLN levels from days 3-5 [320]. In parallel with these changes in sérum 

GRLN levels, feeding causes a decrease in the postprandial levels of prepro- 

GRLN mRNA while starvation induces increases in prepro-GRLN mRNA in both 

the hypothalamus and gut [322]. These results support the idea that GRLN is also 

orexigenic in fish. Although research in other fish species is limited, GRLNs 

orexigenic effects have been confirmed in the tilapia, where long-term (21 days)
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IP administration of decanoylated GRLN, a major form found in the tilapia, 

increased both food intake and weight gain [269]. On the other hand, studies in 

the rainbow trout have produced mixed results. One study demonstrated no effect 

on feeding at 12 h following IP administration o f trout GRLN in 2 year old 

rainbow trout [149], while another study using juvénile trout and GHSs and rat 

GRLN found increased food intake at 2 or 5 h post IP injection [282]. Whether 

this discrepancy is related to the ligand used and/or the âge o f the trout has yet to 

be clarified. More work is certainly needed, however, to understand GRLNs 

involvement in feeding behaviour and weight gain in various fish species.

In vivo and in vitro effects o f gGRLNi2 and gGRLNiç on GH release in 

goldfish have also been explored to some extent. ICV and IP injections increase 

sérum GH levels while static incubation treatments elevate GH sécrétion from 

primary cultures o f goldfish pituitary cells [322, 323]. GH sécrétion induced by 

gGRLNiç is abolished by the well-established inhibitory regulator o f GH 

sécrétion somatostatin-14 (SS-14) in both cell column perifusion and static 

incubation experiments [322, 323]. Similar fmdings supporting a GH-inducing 

rôle for GRLN can be found among other fish species. For example, in tilapia, IP 

injections o f GHSs lead to increased GH in the circulation [281], whereas rat, eel, 

and tilapia GRLN ail induce increases in pituitary GH and GH mRNA levels [88,

152, 270], Rat GRLN also increases GH release and GH mRNA expression in 

orange spotted grouper pituitary fragments [263]. Trout GRLN stimulâtes GH 

release from rainbow trout pituitary cells and GRLN IP injection increases GH 

release and GH mRNA in channel catfish over 3 h [155]. Taken together, these 

and other fmdings support the idea that the GH-releasing ability of GRLN is a 

highly conserved feature o f this peptide in fish as in mammals.

Available information also supports a rôle o f GRLN in regulating LH 

sécrétion in teleosts, although such data are derived solely from studies on two 

fish species. In common carp, treatment with human GRLN significant elevates 

basai and GnRH analogue-induced LH sécrétion from pituitary cells obtained
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from females in 10 h static incubation experiments but has no significant effect on 

pituitary cells from maies. However, in 24 h incubation experiments, human 

GRLN has no effects on basai LH sécrétion from pituitary cells derived from 

either sex, and yet still augments GnRH analogue-induced LH release [293].

Both of the predicted endogenous forms of goldfish hypothalamic/pituitary 

GRLN (gGRLNn and gGRLNig) increase LH release from dispersed goldfish 

pituitary cells in static incubation and perifusion experiments [322]. Moreover, 

ICV and IP injections o f gGRLN^ elevate sérum LH levels [322]. gGRLNig- 

induced LH release in vitro is also inhibited by a GHS-R antagonist, d-Lys3- 

GHRP-6 [322], indicating that this peptide likely acts via GHS-R at the level of 

the pituitary.

1.3.2. GRLN signalling

In général, intracellular signalling pathways involved in various GRLN 

actions include increases in [Ca2+],, LVSCCs, activation o f PLC/IP3- 

diacylglycerol (DAG)/protein kinase C (PKC), nitric oxide synthase (NOS)/NO, 

and adenylate cyclase (AC)/cAMP/protein kinase A (PKA) [24, 84, 106, 128,

152, 162, 171, 202, 271, 297]. This is consistent with previous information on the 

mechanisms of GHS action on pituitary cells (see Section 1.2.3; [25, 60, 121]) 

since both GRLN and GHS act through GHS-R [60, 128, 169].

In terms o f GRLN stimulation of GH release in mammals, Ca2+ and PKC 

signalling are thought to play important rôles although most o f our knowledge of 

GRLN-induced GH release and associated signalling is assumed using knowledge 

from studies on GHSs and the GHS-R, and signalling in this receptor is linked to 

entry o f Ca2+ through LVSCCs via activation o f the PLC/IP3/DAG/PKC pathway 

(Fig. 1.6) [27]. This lack o f expérimental evidence exploring detailed signalling 

within GRLN target cells does limit conclusions that can be made regarding 

spécifie signalling, such as within pituitary somatotropes, thus providing the need 

for work carried out in this thesis. In a 1999 report, GRLN treatment was shown
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to induce increases in [C a 2+]; in CHO cells transfected with GHS-R [169], 

supporting the involvement o f C a 2+. Previous work with rat somatotropes and the 

synthetic GHS GHRP-6 demonstrated a dose-response relationship between GHS- 

R and increases in [C a 2+]j [2 5 ]. Interestingly, the same study also identified that 

this response was bi-phasic, with an initial large increase in [C a 2+]j occurring 

rapidly and followed by smaller sustained oscillations. The removal of
■y » - j i

extracellular Ca or the use of Ca -channel blockers resulted in loss o f only the 

sustained portion of the bi-phasic response while pretreatment with thapsigargin 

(Tg), an inhibitor o f the sarcoplasmic/endoplasmicreticulum CaATPase (SERCA) 

which replenishes Ca2+ in intracellular Ca2+ stores, resulted in loss o f the initial 

phase [25]. These observations support the presence o f differential rôles for entry 

of extracellular Ca2+, likely through LVSCCs, and intracellular Ca2+ mobilization 

in mediating the biphasic GRLN action through the GHS-R in somatotropes.

Also, depletion of PKC in these same cells using pretreatment with the PKC- 

activating phorbol PMA resulted in a loss o f the second Ca2+ phase [25], 

supporting a rôle for PKC in mediating GRLN-induced action through the GHS-R 

in somatotropes. A similar study with rat somatotropes confirmed GHRP-6 action 

as both intracellular and extracellular Ca2+-dependent and further supported the 

involvement o f LVSCCs through the use o f the dihydropyridine LVSCC blocker 

nitrendipine or the endogenous inhibitor SS-14 [121], which has been shown to 

inhibit LVSCCs in multiple Systems [41, 133, 198, 334]. Another study using 

human pituitary somatotrophinomas demonstrated that GHRP-6 treatment dose- 

dependently elevated PI turnover and increased GH sécrétion [186], thus linking 

PLC activation (and by extension Ca2+ and PKC) to GHS-R activation and GH 

release.

Although many studies have not found evidence for the involvement of 

AC/cAMP/PKA as a key signalling mechanism in GRLN function, there are a 

few fmdings to the contrary. The AC inhibitor MDL-12,330A and the PKA 

inhibitor H-89 blocked GRLN-induced GH release, while GRLN treatment also
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induced significant increases in cAMP levels in porcine pituitary cells [202]. 

Likewise, MDL-12,330A and H-89 inhibited GRLN-induced GH release from 

primary cultures o f female baboon pituitary cells [162], Interestingly, this study 

also demonstrated that although GRLN treatment alone had no effect on cAMP 

levels at 4 h, treatment with both GRLN and growth hormone-releasing hormone 

(GHRH) together potentiated increases in cAMP levels beyond those induced by 

GHRH alone [162]. It should also be noted that in HIT-T15 cells, GRLN 

increases cAMP levels at 5, 10, and 30 min, but not 60 min, post-GRLN treatment 

[106]. These results suggest that the ability of GRLN to induce increases in 

cAMP levels is time dépendent, and is modulated by the presence or absence of 

other regulatory factors. Nonetheless, it is thought that GRLN-dependent 

PKC/Ca2+ signalling forms a parallel system to the cAMP/PKA/Ca2+-dependent 

mechanisms utilized by GHRH, a major stimulatory neuroendocrine factor of GH 

sécrétion in mammals [159], to induce GH sécrétion [171] (also see Section 1.4 

below).

GRLN action on GH release in mammals also involves NOS, as with its 

brain actions on food intake [227], influences on immune functions [100], and 

protective effects from ischemia in the heart [232, 297]. In dispersed female pig 

pituitary cells, GRLN-induced GH release is augmented by the addition o f L- 

arginine methyl ester hydrochloride (a substrate for NOS), and GRLN effects are 

inhibited by haemoglobin (NO scavenger) and N(w)-nitro-L-arginine (NOS 

inhibitor) [271]. Interestingly, basai GH release is not affect by these inhibitors, 

suggesting that NOS participâtes in GRLN-induced GH release, but not the 

régulation basai GH levels, in this system [271].

Information on the signalling mechanisms mediating direct GRLN actions 

on LH release in mammals is restricted to one report demonstrating that GRLN- 

induced LH sécrétion from rat pituitary cells is NO-dependent [84]. In mammals, 

three général types o f NOS are known, these being the two constitutively 

expressed NOS isoforms endothélial (e)NOS and brain/neuronal (n)NOS, and the
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inducible (i)NOS [335]. Although GRLN enhances iNOS expression in rat 

myocardiocytes [103], the NOS isoform involved in GRLN stimulation o f GH 

and LH release from mammalian pituitary cells is unknown, although nNOS is a 

major NOS isoform found in mammalian pituitary cells [262].

In the goldfish, NOS/NO is known to be involved in both GH and LH 

régulation and various isoforms are expressed (see Sections 1.4 and 1.5, 

respectively), however there are currently no studies examining NOS/NO 

involvement in GRLN régulation o f pituitary function in any fish models.

1.4. Neuroendocrine régulation of GH

1.4.1. General perspectives

Régulation o f GH release has long been studied due to the importance of 

GH in multiple physiological processes, such as stimulation o f  muscle formation 

[69], bone rétention [273], energy mobilization [222, 284], appetite [147], 

osmoregulation [274], and social behaviour [148], However, some of the 

traditional effects ascribed to GH, such as tissue growth and différentiation, are 

actually mediated by insulin-like growth factor 1 (IGF-1) produced either by the 

liver or locally in response to GH stimulation [22, 73].

GH sécrétion is thought to be pulsatile in both fish and mammals, and 

sexual dimorphism has also been shown in mammals. For example, maie rats 

show discrète puises o f GH throughout the day with low inter-peak levels while 

female rat GH release is characterized as less pulsatile with higher inter-peak 

levels [28]. In mammals a diumal rhythm also exist with blood GH levels 

generally higher in the scotophase relative to the photophase but is also subject to 

entrainment by the time o f feeding [20]. Diumal variations o f  GH sécrétion have 

also been characterized in a number of other species, such as salmonids [21], 

goldfish [204], and carp [368]. In fish, we generally see only one to two peaks of
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GH a day, with higher overall levels observed at night [81]. In many fish species, 

seasonal changes have also been observed. In the spring and summer, during 

sexual maturation, GH levels are higher and generally coincide with 

vitellogenesis, as seen in salmon [21], carp [192], and rainbow trout [298]. GH 

has also been shown to stimulate gonadal steroidogenesis [287] and to play a rôle 

in gametogenesis [46, 315], Despite a great deal of support for a rôle in growth 

and development, a direct correspondence between fish GH sérum levels and 

growth rates has not yet been established, as blood GH levels often peak months 

before maximal growth rates are observed [204].

As recently reviewed [195], control of GH régulation in mammalian 

Systems occurs mainly through stimulation by GHRH and inhibition by a 14 

amino acid long SS isoform (SS-14). In addition, because GH release also 

directly stimulâtes SS-14 release, through action on GHRs located on SS-14 

neurons [306], and SS-14 neurons project into the arcuate nucléus to directly 

inhibit GHRH release [307], GH release is pulsatile in nature as a resuit of first 

stimulation by GHRH and then inhibition by SS-14 and the concurrent réduction 

of GHRH stimulation through GH-induced négative feedback loops. The removal 

of négative feedback, when GH levels drop, restarts the next cycle o f pulsatile 

release as GH stimulation o f SS-14 release is diminished. Thus, “normal” GH 

release occurs in a pulsatile manner in vivo, as well as in response to stimulators 

and inhibitors such as IGF-1 and sex steroids [332, 333] with peaks every 3-5 

hours [318]. Recent evidence suggest that other neuropeptides also play 

important rôles in GH release at the level of the pituitary cells, such as pituitary 

adenylate cyclase-activating polypeptide (PACAP) [94] and GRLN (outlined in 

Sections 1.1 and 1.3).

In comparison to the situation in mammals, stimulatory neuroendocrine 

régulation in fish is well established as multifactorial and complex in nature, with 

many GH stimulators characterized. GHRH and PACAP, both members o f the 

glucagon super family o f peptides, have both been shown to stimulate GH release
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in fish [41, 185]. In fish, GHRH perikarya are found in many régions o f the brain, 

including the pre-optic région, anterior hypothalamus, and the tegmentum, with 

fibers extending into régions including the telencephalon and pituitary [264]. 

PACAP distribution is similar to that o f GHRH [206]. In goldfish, PACAP- and 

GHRH-immunoreactive fibers show similar distribution patterns as in other fish, 

and have been identified in the pars distalis in the vicinity of somatotropes [28, 

264, 345]. A purified putative carp GHRH dose-dependently stimulâtes GH 

sécrétion from perifused goldfish pituitary cells, with cells taken from sexually 

regressed fish showing a greater degree of responsiveness [331]. As expected, 

PACAP also dose-dependently stimulâtes GH release from perifused goldfish 

pituitary cells [345]. Similar effects o f GHRH and PACAP have also been 

reported in salmonids [249] and carp [352]. A number of other neuroendocrine 

modulators have been characterized as stimulators o f GH in fish, such as DA, 

GnRH, kisspeptin, and neuropeptide Y (NPY) and, as mentioned earlier, GRLN 

[28, 41]. Adding to the complexity, two GnRH forms are known to be released at 

the level o f the goldfish pituitary -  salmon (s)GnRH (also called type III GnRH) 

and chicken (c)GnRH-II (also called type II GnRH), and both forms enhance GH 

release [41].

As described earlier, inhibitory régulation o f GH is thought to be mainly 

achieved through SS-14 action in mammals [195]. Although SS-14 is shown to 

be a highly conserved molecule across vertebrate species and is able to inhibit GH 

release in ail animal models tested [13, 251, 265, 266], inhibitory régulation o f 

GH in fish, however, is much more complex. Multiple SS isoforms exists in fish. 

In the goldfish there are four distinct isoforms; SS-14, gut SS-28, goldfish brain 

(gb)SS-28, and [Pro2]SS-14. Of these, mRNA for SS-14, gbSS-28, and [Pro2]SS- 

14 are expressed in the hypothalamus and mRNA for SS-14 and gbSS-28 are also 

présent in pituitary cells and fragments, and ail three brain SSs inhibits GH 

sécrétion, but each o f these SSs have différent abilities to attenuate the GH 

response to stimulatory factors [363, 365]. These observations suggest that
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multiple S S isoforms regulate pituitary cell functions in this species and that they 

have ligand-selective actions. Likewise, multiple SS isoforms have also been 

reported in the rainbow trout and the orange spotted grouper [225, 353]. In 

addition to SS, norepinephrine (NE) and 5-HT have been shown to inhibit GH 

sécrétion by direct action at the level of goldfish pituitary cells [28, 41]. The 

ability o f NE and 5HT to inhibit GH release not only differs from those o f the 

brain SSs but also from one another. For example, while SS-14, [Pro ]SS-14 and 

NE can abolish GnRH-induced GH release, 5HT and gbSS-28 only atténuâtes 

these responses. Similarly, while SS-14 and [Pro2]SS-14 can abolish DA- and 

PACAP-induced GH sécrétion, 5HT is only partially effective against these 

responses and gbSS-28 only atténuâtes the response to PACAP, but has no effects 

on DA [41]. Many studies have also linked increases in IGF-I to réductions in 

GH sécrétion in fish, as well as in mammals [22, 91, 252, 340], supporting its rôle 

in négative feedback on the pituitary.

1.4.2. Intracellular signalling in neuroendocrine régulation o f  GH release in 

goldfish

GH release is a Ca2+-dependent exocytotic process [371]. In mammals, 

GHRH and PACAP elicit stimulatory actions through 7 TMD receptors positively 

coupled to AC/cAMP/PKA and subséquent élévation of [Ca2+]j [224, 285, 330]. 

As described in Section 1.3.2, GRLN stimulation of GH release in mammals is 

largely mediated by PKC, Ca2+, and NO signalling cascades, although evidence 

for cAMP involvement has also been indicated. SS reduces GH release via 

réductions in [Ca2+]j through intracellular signalling pathways involving AC,
• ^4-

PLC, mitogen-activated protein kinase (MAPK), and membrane associated Ca 

and K+ channels [338]. In addition, S S exerts further control over GH release 

through action on critical components o f the GH exocytotic process, such as Rab3 

and SNARE proteins [208].



25

In fish, the GH release response is also regulated through multiple 

neuroendocrine regulators acting on various intracellular signal transduction 

mechanisms, and these are best characterized in goldfish (Fig. 1.7). For example, 

in the goldfish PACAP and DA stimulation of GH release are known to be 

mediated by PAC1 and D1R receptors, respectively, and subséquent activation of 

AC/cAMP/PKA and Ca2+ entry through LVSCCs [41, 177, 276], The resulting 

increases in [C a 2+]i is thought to promote fusion and release o f  vesicles containing 

GH in a readily releasable pool that is shared between PACAP and DA, since 

their GH release responses are not additive but both peptides can elevate [C a 2+]i in 

the same goldfish somatotrope [41, 363]. On the other hand, DA, but not 

PACAP, action on GH release involves NOS/NO and arachidonic acid (AA) [41, 

56]. The involvement o f AC/cAMP/PKA in mediating GHRH stimulation of GH 

release is assumed based on the ability o f synthetic goldfish (g)GHRH to 

stimulate increases in cAMP in mammalian cell lines transfected with zebrafish 

GHRH receptors [185] and based on information on mammalian GHRH 

signalling [209]. Whether this occurs in goldfish somatotropes, however, has not 

yet been directly examined. PACAP and DA stimulation o f GH release also 

involve mobilization o f C a 2+ from intracellular stores but the pharmacological 

properties o f these stores differ; in particular, PACAP, but not DA, utilizes stores 

that are sensitive to caffeine, but not ryanodine [41]. On the other hand, DA, but 

not PACAP, uses NOS/NO signalling [41,218].

cGnRH-II and sGnRH, through action on GnRH receptors located on 

goldfish somatotropes, induce GH release through PKC-dependent pathways, 

which also lead to entry of extracellular Ca2+ through LVSCCs and increases in 

[Ca2+]j [41], Both sGnRH and cGnRH-II also utilize intracellular Ca2+ stores; 

however, while cGnRH-II actions are mediated by store(s) that are sensitive to 

both caffeine and ryanodine, sGnRH uses IP3- and caffeine-sensitive, but 

ryanodine-insensitive, stores and only sGnRH action is sensitive to modulation by 

mitochondrial Ca2+ buffering [28, 41]. In addition to PKC and Ca2+, iNOS/NO



26

and soluble guanylate cyclase (sGC)/cyclic (c)GMP, as well as phosphoinositide- 

3-kinase (PI3K) pathways, but not AA, also participâtes in sGnRH and cGnRH-II 

action on GH sécrétion [28, 41]. Recently, goldfish kisspeptin is also shown to 

utilize extracellular Ca entry through LVSCC to enhance GH sécrétion [50].

Interestingly, the two GnRHs can induce [Ca2+]j increases in the same 

goldfish somatotrope and GnRH-sensitive cells are also responsive to DA and/or 

PACAP, suggesting these neuroendocrine stimulators can act on the same 

goldfish somatotrope [41, 363]. On the other hand, GH release responses to 

GnRH or synthetic activators o f PKC are additive to those to DA, PACAP or 

synthetic activators o f AC/PKA signalling [41, 53, 347], Taken together, these 

observations indicate that the readily releasable GH pool in goldfish somatotropes 

can be separated into largely distinct PKA (DA/PACAP)-sensitive and PKC 

(GnRH)-sensitive units. How the GH-releasing action of GRLN is manifested in 

goldfish somatotropes has not been investigated.

In terms o f the mechanisms o f actions o f inhibitory neuroendocrine
y ,

regulators in goldfish, ail three brain SSs can reduce [Ca ]j responses. This may 

be related to their ability to enhance voltage-sensitive K+ currents, and 

presumably exert hyperpolarizing influences, but only SS-14 and gbSS-28 

atténuâtes Ca2+ currents through LVSCCs in voltage-clamp experiments on 

isolated currents in goldfish somatotropes [41]. The brain SSs also exerts
•y i

inhibitory influences at, or downstream of, PKC activation, [Ca ]j increases, and 

NO, but SS-14 and gbSS-28 are generally more effective than [Pro2]SS-14 in 

inhibiting PKC-mediated responses while gbSS-28 is relatively less effective at 

sites distal to Ca2+ [41]. The three SSs and NE can reduce basai cAMP 

production. In contrast, SS-14, [Pro2]SS-14 and NE, but not gbSS-28, exerts 

inhibitory actions distal to cAMP and AA [41]. While both NE and 5HT can also 

reduce [Ca2+]j responses to a number of stimulators, NE is generally more 

effective than 5-HT in this regard and 5-HT also does not exert inhibitory 

influence downstream of cAMP [41].
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The significance of the presence of différences in signal transduction 

mediating the actions o f neuroendocrine stimulators and inhibitors on goldfish 

GH release is not yet fully understood, but presumably allows for complex fine- 

tuning of GH release under différent conditions.

1.5. Neuroendocrine régulation of LH

1.5.1. General perspectives

In ail vertebrate classes, multiple GnRH forms exist with at least 2 forms 

of GnRH being présent in the brain. However, for the longest time, only one 

brain GnRH form was thought to be hypophysiotropic [46]. In mammals, the 

main stimulator o f pituitary LH release is mammalian (m)GnRH (also called Type 

I GnRH) which is released from hypothalamic neuronal terminais at the médian 

eminence and then delivered to the pituitary via the hypothalamohypophysial long 

portai vessel system. Négative régulation o f LH release is largely manifested by 

the négative feedback actions o f sex steroid hormone [17, 46, 315]. A majority of 

the neuroendocrine régulation mechanisms are exerted indirectly via modulation 

of GnRH neuronal activity [46, 66, 176, 315]. Although this relatively simple 

model of neuroendocrine régulation by GnRH and steroid feedback is thought to 

apply to other higher vertebrate species as well, this view is beginning to change. 

Recently, a gonadotropin release-inhibitory hormone (GnIH), a member o f the 

RFamide family o f peptides, has been identified in représentative species from ail 

vertebrate classes and it has been shown to exert inhibitory control over LH 

release from the pituitary in birds and mammals [316]. In addition, another 

RFamide, kisspeptin, has also been shown to directly affect pituitary LH release 

in several mammalian model Systems [66, 239].

In teleosts, the hypothalamohypophysial long portai vessel system is 

absent and hypothalamic neurons enter the adenohypohysis and terminate among
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the anterior pituitary cells [ 10, 315]. Current knowledge supports that 

neuroendocrine control o f LH release at the level of the pituitary is more complex 

in teleosts than in mammals with multiple hypothalamic peptides and 

neurotransmitters directly exerting inhibitory and stimulatory influence on LH- 

secreting cells, although the feedback action of gonadal hormones is also 

important as in mammals. This system of multifactorial control by hypothalamic 

factors in teleosts is best characterized in the goldfish [46, 315].

As mentioned in Section 1.4.1, two GnRH forms, sGnRH and cGnRH-II 

are expressed in the brain o f goldfish [42], Both GnRH forms are found in 

pituitary nerve terminais and both stimulate LH release [253]. In addition, 

PACAP, kisspeptin, gGRLN, NPY, 5-HT and NE also exert direct stimulatory 

influences on LH release from pituitary cells and/or fragment préparations, while 

DA, acting via D2R, inhibits basai as well as stimulated LH sécrétion [46, 315]. 

The removal of DA inhibition is an important event which allows the effects o f 

stimulatory neuroendocrine regulators to be manifested to elicit the ovulatory LH 

surge [46, 315]. Sex steroids, including testosterone and estradiol, can directly 

enhance the effectiveness o f GnRH to stimulate LH release in vitro indicating the 

presence of a positive feedback influence at the level o f pituitary cells [46, 315]. 

Fish GnIH actions are différent from what has been reported for birds and 

mammals. Goldfish GnIH appears to selectively attenuate cGnRH-II-elicited, but 

not sGnRH-induced, LH response and its effects on basai LH release from 

goldfish pituitary cells are mixed with either a stimulatory or no effect being 

reported, depending on the reproductive status [228,229]. Likewise, goldfish 

GnIH stimulâtes LH release from pituitary cells of sockeye salmon [3].
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1.5.2. Intracellular signalling in neuroendocrine régulation o f  LH release in 

goldfish

In mammals, mGnRH actions of LH sécrétion are known to be mediated 

by PLC/IP3/DAG/PKC, VSCC, Ca2+ signalling, lipoxygenase metabolites of AA 

metabolism, nNOS/NO and cGMP [46, 315].

In goldfish, although both sGnRH and cGnRH-II elicit LH release via 

GnRH receptors expressed on gonadotropes, there are différences in their 

intracellular mechanisms o f action (Fig. 1.8). Both GnRHs utilize the 

PLC/DAG/PKC, LVSCC, Ca2+, PI3K, sGC/cGMP, and extracellular signal- 

regulated kinase (ERK) kinase (MEK)/ERK signalling pathways to stimulate LH
 ̂I

release, but cGnRH-II is relatively more dépendent on extracellular Ca than 

sGnRH, and only sGnRH utilizes the AA-lipoxygenase pathway [46, 315]. In 

addition, while cGnRH-II accesses a ryanodine-sensitive intracellular Ca2+ store 

at ail times o f the seasonal reproductive cycle, this store is only used by sGnRH at 

sexually regressed State [46, 315]. Furthermore, sGnRH, but not cGnRH-II, 

action involves IP3- and caffeine-sensitive Ca2+ stores, as well as NOS/NO [46, 

315],

On the other hand, PACAP stimulation o f LH release, via PAC1 receptors, 

is mediated by cAMP/PKA, MEK/ERK, Ca2+, mobilization o f Ca2+ from caffeine- 

and dantrolene-sensitive intracellular stores, and a novel PLC-dependent 

mechanism that does not involve subséquent IP3 and PKC signalling [46, 315]. 

LVSCC and NOS/NO signalling also does not participate in PACAP action on 

LH sécrétion [46, 315]. Interestingly, PACAP is able to generate increases in 

[Ca2+]j in GnRH-responsive identified goldfish gonadotropes and yet the LH 

responses to PACAP and pharmacological stimulators o f AC/cAMP signalling are 

additive to those elicited by the two GnRHs and synthetic activators o f PKC [46]. 

These results indicate that readily releasable LH within goldfish gonadotropes are 

largely separated into cAMP/PKA- and PKC-sensitive pools.
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Sex steroid positive feedback influence on GnRH-stimulated LH release is 

in part manifested by enhancing the effectiveness of PKC-mediated hormone 

release [46], Goldfish kisspeptin has recently been shown to utilize LVSCC to 

enhance LH release [50]. The intracellular signalling mechanisms mediating the 

direct actions o f GRLN, NE (al-like  receptors), 5HT (5HT-1 and 5HT-2-like 

receptors) and NPY (Y2 receptors) on LH release have not yet been identified.

In terms of inhibitory régulation, to date only the mechanisms o f DA 

action have been investigated. DA binding to D2Rs expressed on the surface of 

goldfish gonadotropes reduces GnRH receptor binding [46]. In addition, DA
• y ,

reduces Ca currents through LVSCC and DA inhibitory influences can be 

manifested at, or downstream of, PLC-mediated IP turnover, and PKC activation, 

as well as distal to cAMP production; however, DA does not act at steps 

following NO and AA génération and whether DA affects cAMP or NO 

production is unknown [46].

1.6. Proposed research, purpose, hypothesis, and expérimental design

1.6.1. General overview and purpose

As indicated in Sections 1.1-1.3, GRLN is emerging as an important 

regulator o f pituitary hormone release and especially that o f GH and LH. Since 

GRLN is also involved in the control o f food intake, as well as energy 

metabolism, this peptide likely serves as one o f the important links between the 

régulation o f energy status and growth and reproduction. Although there is a fair 

amount o f information regarding the effects o f GRLN on GH and LH release, 

especially in mammals, much is yet to be determined, especially in regards to 

GRLN intracellular signalling in pituitary cells and its interaction with other 

endogenous pituitary regulators in many vertebrates, including both mammalian 

and fish species. Given that GRLN médiates multiple physiological processes,
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cell-specifîc différences such as receptor and/or intracellular signalling pathways 

and their modulation in response to GRLN and other endogenous factors are sure 

to be critical to differential régulation of these processes. Understanding the 

mechanisms of GRLN actions in gonadotropes and somatotropes and whether 

cell-type spécifie différences occurs, as well as how GRLN interacts with other 

endogenous regulators are important aspects in studies on the control o f growth 

and reproduction in vertebrates. In addition, results from such studies may also 

provide insights into how GRLN may influence so many physiological processes 

simultaneously in response to changing environmental eues and needs, and by 

extension to disease States, such as obesity, anorexia nervosa, and diabetes.

With the well-characterized physiological control by multiple 

neuroendocrine regulators and the understanding of differential intracellular 

signalling involved (see Sections 1.4 and 1.5), the control o f goldfish GH and LH 

release provides a good study model to examine the effects o f GRLN and the 

mechanisms of action involved in the régulation of GH and LH sécrétion, as well 

as the possible cell-type spécifie actions and interactions with a number of 

physiological neuroendocrine factors. Goldfish are readily obtained 

commercially and can be easily maintained in aquaria. The dispersed goldfish 

pituitary cell primary culture system also allows for the accurate identification of 

live gonadotropes and somatotropes within a mixed cell population environment, 

based on morphology observed under differential interférence light microscopy 

alone [329], thus allowing for single cell imaging studies with minimal prior 

treatments which can often affect cellular responses, such as plague assays, 

staining, cell sorting, or cell enrichment. Briefly, GH cells are smaller in size, 

compared to LH cells, have an oval shaped nucleous, a central nucleolus, and 

cytoplasmic projections while LH cells are larger in size with a kidney shaped 

nucléus and large spherical shaped globules in the cytoplasmic région (see [329] 

for further information and figures of cell tyes). In addition, being a 

représentative cyprinid species, results obtained are applicable to other
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commercially important carp species in aquaculture, as well as other teleost 

species in général. With the emerging consensus that neuroendocrine control of 

GH and LH in mammals is more complex than initially thought, involving the 

régulation o f pituitary somatotropes and gonadotropes by the direct actions of 

multiple hypothalamic factors and other regulators (see Sections 1.4 and 1.5), 

results from studies on the neuroendocrine régulation o f pituitary hormone release 

in goldfish also has implications for higher vertebrates.

The focus o f my PhD thesis research is to provide further understanding of 

the régulation o f growth and reproduction in vertebrates by examining the effects 

of GRLN on goldfish GH and LH release from dispersed goldfish pituitary cells 

in primary culture. Spécifie aims include 1) elucidating the signal transduction 

pathways in GRLN-induced GH and LH release, 2) characterizing the GRLN 

receptor (GHS-R) and its expression in goldfish tissues, and 3) examining the 

interactions between GRLN and other known endogenous neuroendocrine 

regulators on GH and LH sécrétion.

1.6.2. Hypothesis and expérimental approach

The présent study utilizes synthetic gGRLNig, an endogenous form which 

is known to be effective in stimulating GH and LH release from goldfish pituitary 

cells [221], Based on the known mechanisms of GRLN actions in mammals and 

information on the major intracellular signalling cascades involved in the 

neuroendocrine régulation o f GH and LH release in goldfish, it is hypothesized 

that in the goldfish pituitary, gGRLNjç elicits GH and LH release and changes in 

[C a2+]j via the G-protein coupled gGHS-Rla, as well as the activation of P K C ,
a  i

PKA, and NOS/NO pathways. Furthermore, changes in [Ca ]j are hypothesized 

to involve Ca2+ influx through LVSCCs. It is also expected that the gGHS-Rla 

will be expressed in multiple tissues, including the brain and pituitary of goldfish. 

Also, given that the same GHS-R antagonist, when applied to static cultures of 

goldfish pituitaries, inhibits gGRLNig-induced LH release but has no effect on
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GH release [322], it appears that différent gGHS-Rs, intracellular stimulatory 

pathways, and/or regulatory processes may be utilized in différent pituitary cell 

types to modulate activity o f gGRLNig.

Investigation o f the rôles o f Ca2+, LVSCCs, PKC, PKA, and NO in 

gGRLNi9 signalling will utilize primary cultures o f goldfish pituitary cells in 

established column perfusion assays [37, 200, 203] with appropriate 

pharmacological inhibitors and stimulators. Hormone release will be quantified 

through the use of spécifie GH and LH radioimmunoassays [49, 203]. Cell 

column perifusion studies enable the easy élucidation o f hormone release profiles, 

as well as the continuai removal o f media which minimizes potential paracrine 

and autocrine effects. The rôle o f Ca2+ in gGRLNi9 action will be examined 

using a combination o f hormone release and fura-2, AM Ca2+-imaging studies 

[145]. Cloning of the gGHS-R cDNA will be performed using molecular 

techniques, such as rapid amplification o f cDNA ends (RACE). Products will be 

sequenced and compared with known GHS-R sequences using BLAST to confirm 

their identity and homology. Expression o f gGHS-R and gGRLN will be 

examined using qPCR. Détails o f these approaches and methods are reported in 

Chapter 2.

Works on the identification of gGHS-R form(s), their tissue distribution
 ̂I

and the dependence o f gGRLN stimulation o f LH release on extracellular Ca 

and LVSCCs are presented in Chapter 3. Results on the involvement o f LVSCCs 

and dependence on extracellular Ca2+ in gGRLNi9 actions on GH release are 

presented in Chapter 4. Chapter 5 focuses on the differential involvement o f PKA 

and PKC in mediating gGRLN 19-induced GH and LH release while Chapters 6  

and 7 examines the possible participation of NOS/NO in mediating the GH and 

LH responses to gGRLNi9, respectively. Effects of interactions between 

gGRLNi9 and PACAP, as well as gGRLNi9 and DA, are reported in Chapter 8 . 

Chapter 9 examines the influence o f synthetic gGHRH with sGnRH and 

gGRLNi9 co-applications. Interactions between gGRLN 19, sGnRH, and cGnRH-
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II are examined in Chapter 10. Chapter 11 provides a summary and discussion on 

the importance and implications o f the thesis fmdings.
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 GRRPPlv-amide
— NKVK-SsIl-amide

Fig. 1.1. Sequence comparison o f various forms of vertebrate GRLN. Identical amino acids in 
each species are shaded. Asterisks identify acyl-modified third amino acids. (Adapted from 
[170]).
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Fig. 1.2. Proposed scheme of the formation o f n-octanoylated, amidated, putative GRLN peptides 
from the GRLN gene in goldfish. In the depiction ofthe ghrelin gene, boxes represent exons 
1, 2, 3 and 4 and lines represent introns 1, 2 and 3. (Adapted from [323]).
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Fig. 1.3. Schem atic genom ic organization o f  the human and m ouse GRLN genes and the prepro- 
G RLN coding exons. sizes (in base pairs) are show n above each exon. The preproghrelin is 
11 7 am ino acids in length, with différent régions depicted by différent colors. (Adapted from  
[280]).
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Fig. 1.4. OverView o f  human and m ouse GRLN gene-derived transcripts and putative peptides. 
Signal peptides are show n in purple, nuclear localization signais in turquoise, ghrelin in red. 
obestatin in grey, A3D peptide in w hite, In2-GRLN in green, and C-G RLN in orange. G5 
dénotés putative peptides containing the first 5 am ino acids o f  GRLN (G SSFL). (Adapted  
from [280]).
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Fig. 1.5. Human GHS-Rla molecular structure. Transmembrane domains (TMD) are numbered in 

boxes representing corresponding sections o f  the protein structure. Exon 1 translates into 265 

amino acids, including TMD 1-5, while Exon 2 encodes 100 amino acids and TMDs 6 and 7 

(adapted from [280]).
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Ghrel in  GHRP-6 GHRH

C A M P

Fig. 1.6. A model for the signal transduction pathway used by GRLN, GHRP-6, and GHRH to 
trigger intracellular Ca mobilization in mammals. The addition o f  GRLN or GHS, such as 
GHRP-6, activâtes PLC through a G n , protein-coupled GHS receptor. PLC hydrolyzes 
phosphatidylinositol 4,5-bisphosphate (PIP2) generating IP3 and DAG. IP3 releases Ca2+ 
from intracellular IP3-sensitive Ca2+ pools while DAG activâtes PKC, both of which activate 
LVSCCs. On the other hand, GHRH activâtes AC, through Gsa -coupled GHRH receptor, 
generating cAMP and stimulating PKA and thus activating LVSCCs. (Adapted from [27]).
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cGnRH II sGnRH DA PACAP

6 n * M R ( î | j
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tRK/
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uptjk*

*  GH R elease GH ReleaseGH Release

Fig. 1.7. Schem atic sum m ary o f  receptor-signal transduction cascades m ediating the stimulatory 
effects o f  neuroendocrine factors on GH release from goldfish  som atotropes. B riefly, the 
differential use o f  second m essenger Systems, including m ultiple pharm acologically distinct 
intracellular Ca: stores and Ca~ uptake/buffering Systems, a llow s for the ligand-specific  
interactions controlling induced GH sécrétion (see  Section 1.4.2). The différent ligand- 
selective  pharm acologically distinct intracellular Ca*T stores are differentiated by sensitivity  
to various agents including the Ca: * release channel blocker ryanodine, the SE R C A  inhibitors 
T g and BHQ, and the Ca“" release channel receptor agonists IP3 and caffeine, respectively. In 
addition, the involvem ent o f  calm odulin kinase (CAM  K) dow n stream o f  Ca‘+ m obilization, 
as w ell as the sé lective  involvem ent o f  a N a /H *  antiport system  in GnRH action dow n stream  
o f  PKC, are also  shown. The potentiating effects o f  intrapituitary GH and LH on GH release, 
including the use o f  Janus kinase (JAK ) in GH signalling, as revealed in carp pituitary cells  
are also included on the right for the sake o f  com pleteness. (A  version o f  this figure has been  
published in [41]).
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Fig. 1.8. Summary diagram o f  signal transduction cascades m ediating the direct actions o f  
sG nRH, cGnRH -II, PACA P, G RLN and gonadal steroids on goldfish  gonadotropes. 
D ifferential use o f  signal transduction cascades allow  for différentiation and intégration o f  
neuroendocrine regulator effects at the intracellular level (see  Section 1.4.3). The ligand- 
selective  intracellular C V  stores are differentiated by their sensitivity to various 
pharm acological agents including the Ca‘+ release channel blockers T M B -8, dantrolene  
(Dant), ryanodine (Ry); the SER CA inhibitors Tg, HBQ and CPA; and the Ca: * release  
channel receptor agonists 1P3 and caffeine, respectively. The sélective  use o f  a N a 7 E f  
antiport System in GnRH action down-stream  o f  PK.C is also  shown. In addition, known  
signalling com ponents affecting LH subunit gene expression, but not discussed in this 
chapter, are also  included for the sake o f  com pleteness (A  version o f  this figure has been  
published in [46]).
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Chapter 2 -  Materials and methods

2.1. Animais

Ail animal maintenance and expérimental procédures adhéré to Canadian 

Council for Animal Care guidelines and are approved by the University o f Alberta 

Biological Sciences Animal Care Committee. Common goldfish (Carassius 

auratus\ 25-30 g BW, post-pubertal) were purchased through Aquatic Imports 

(Calgary, AB) and maintained in flow-through aquaria (1800 1) 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. Ail 

animais were acclimated to the above conditions for at least 7 days prior to use.

As the current work does not focus on sex différences, experiments involved the 

use of tissues from both maie and female fish (mixed sex). In temperate climates, 

gonadal recrudescence in goldfish starts in late fall/early winter during which 

time, blood LH and GH levels gradually increase. Sérum LH and GH levels 

continue to increase as gonadal maturation occurs throughout the winter months. 

Foliowing spawning in early spring, gonadal régression occurs and sérum LH 

levels drops while GH levels remain elevated through the early summer months 

before decreasing to its lowest levels by fall [56, 315]. In most studies in this 

thesis, replicate experiments were done within a short time period to minimize the 

possible effects o f gonadal status. However, results from replicate experiments 

covering more than one gonadal recrudescence State are also generally similar and 

thus the data were pooled. Nonetheless, to facilitate future comparisons o f data, 

the time o f year in which the experiments were performed is presented in the 

figure legends.
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2.2. cDNA synthesis

Fish were anaesthetised in 0.05% tricaine methanesulfonate (Aqualife, 

Syndel, Canada), a blood sample was collected, followed by perfusion with fish 

saline (NaCl 100.96 mM, KC1 3.53 mM, M gS0 4 2.41 mM, KH2 P 0 4 11.76 mM, 

CaCl2 2.52 mM, NaHC0 3  12.5 mM) containing heparin, via cannulation of the 

heart. Following bulk blood removal, as indicated by whitening of the gills, 

various tissues were collected (brain, pituitary, spleen, kidney, liver, heart, gill, 

muscle, ovary, testis, and intestine) and flash frozen in liquid nitrogen. Total RNA 

was extracted from various tissues using TRIzol™ reagent and cDNA was 

synthesized with Superscript III and the oligo (dT)i2.ig primer (Invitrogen,

Canada) or using the SMART cDNA amplification kit and Advantage 2 

Polymerase (Clontech, USA), for RT-PCR or RACE experiments, respectively.

2.3. Cloning of gGHS-Rla

The list of primers utilized in this study is shown in Chapter 3 (Table 3.1). 

Primers were designed against conserved régions o f the predicted zebrafish GHS- 

R la  (GeneBank accession NM_001146272; forward primer: base pair (bp) 232 -  

256, reverse primer: bp 669 -  692), confirmed in RT-PCR with zebrafish tissue 

cDNA, and then used to obtain partial sequences o f corresponding goldfish cDNA 

transcripts. The PCR conditions were 94 °C for 2 min and then 32 cycles o f 94 

°C for 30 sec, 56 °C for 40 sec, and 72 °C for 1 min, followed by a final extension 

at 72 °C for 10 min. Amplified products were resolved by 1.2% agarose gel 

electrophoresis and imaged using ethidium bromide. The goldfish (3-actin gene 

was employed as a loading control. Candidate products were excised from the 

gel, cleaned with a gel extraction kit (Qiagen, USA), subcloned into the PCR 2.1 

cloning vector, transformed into compétent TOPO TA E. coli cells (Invitrogen, 

USA), plated onto LB-kanamycin plates, and incubated ovemight at 37 °C.
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Positive clones were identified using vector spécifie primers (M l3 forward and 

reverse) in colony PCR screens. Positive clones were grown ovemight while 

shaking at 37 °C in 1 ml LB-kanamycin medium and isolated the following day 

using the QIAquick spin miniprep kit (Qiagen, USA). Isolated plasmids were 

sequenced using automated DNA sequencing (3730 DNA analyzer, Applied 

Biosystems, USA). Sequence data from at least 19 clones obtained from 3 

separate experiments were used to compile a 500 bp consensus sequence, which 

was assessed using BLAST analysis against the NCBI database and identified as 

the GHS-Rla.

Both 3 ’ and 5’ RACE were then employed using goldfish cDNA 

transcripts and goldfish-based, gene-specific, primers (GeneBank accession 

AB555556; 5’ RACE: bp 527 -  504; 3’ RACE: bp 299 -  322). Corresponding 

RACE products were sequenced to yield the remaining portion of our GHS-Rla 

transcript. PCR conditions were 94 °C for 2 min and then 30 cycles o f 94 °C for 

30 sec, 59 °C for 45 sec, and 72 °C for 2.5 min, followed by a final extension of 

72 °C for 12 min. Amplified products were resolved by 1.2% agarose gel 

electrophoresis, excised and purified using the QIAquick Gel Extraction Kit 

(Qiagen, USA), and then subcloned and sequenced as described above for RT- 

PCR products. Sequences from RACE experiments were appended to the 500 bp 

sequence and analyzed using BLAST against the NCBI database to confirm the 

overall identity o f the product as highly similar to GHS-Rla.

2.4. Quantitative PCR analysis of gGRLN and gGHS-Rla in goldfish tissues

Total RNA was isolated from the brain, pituitary, spleen, kidney, liver, 

heart, gill, muscle, ovary, testis, intestine, and whole blood of 4 or 5 individual, 

healthy, fish using TRIzol™ reagent and Superscript III (Invitrogen, USA), as 

described above. Primers spécifie for gGRLN and gGHS-Rla were designed
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using Primer Express software (Applied Biosystems, USA) and the expression of 

these goldfish genes was assessed, relative to the endogenous control gene 

élongation factor 1 alpha (EF-la), as established by previous work in goldfish 

[108, 109], in real time expression analysis (qPCR) using the AACT analysis 

method and SYBR®-green reagent (Applied Biosystems, USA). Thermocycling 

parameters were as follows: 95 °C for 2 min, followed by 40 cycles o f 95 °C for 

15 sec and 60 °C for 1 min. Analyses o f the relative tissue expression data for 

fish (n = 4 to 5) were carried out using the 7500 Fast software (Applied 

Biosystems, USA). Ail primers were tested for specificity using a cDNA dilution 

sériés and ail protocols included melting point analysis as Controls. Resulting RQ 

values were normalized against the expression seen in the lowest tissue group 

(liver and muscle, for GHS-Rla and GRLN, respectively).

2.5. RT-PCR expression analysis of zebrafish GHS-Rla in zebrafish tissues 

and embryos

Total RNA from zebrafish brain, spleen, kidney, liver, heart, gill, muscle, 

and intestine tissues, as well as from whole fish embryos at 12, 24,48 and 72 

hours post fertilization (hpf), were kindly provided by the laboratory o f Dr. James 

Stafford. The RNA was extracted using TRIzol™ (Invitrogen) and reverse 

transcribed into cDNA using the Superscript II cDNA synthesis kit (Invitrogen) in 

accordance to manufacturer’s directions. PCR was performed with the foliowing 

thermocycling parameters: 94 °C for 2 min and then 32 cycles o f 94 °C for 30 sec, 

56 °C for 40 sec, and 72 °C for 1 min, followed by a final extension at 72 °C for 

10 min. The zebrafish p-actin gene was employed as a loading control, using the 

same thermocycling parameters.
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2.6. RT-PCR expression analysis of gGHS-Rla in goldfish tissues

Total RNA was isolated and reverse transcribed into cDNA using the 

methods described in Section 2.2 above. The PCR conditions were 94 °C for 2 

min and then 32 cycles o f 94 °C for 30 sec, 56 °C for 40 sec, and 72 °C for 1 min, 

followed by a final extension at 72 °C for 10 min. Amplified products were 

analyzed by electrophoresis in 1 .2 % agarose gel and imaged using ethidium 

bromide. The goldfish P-actin gene was employed as a loading control. Ail 

sequences o f primers used in this study are provided in Table 3.1.

2.7. In-silico analysis

Comparisons o f the putative gGHS-Rla sequence to other GHS-Rla 

sequences were determined using BLAST against the GenBank database, and 

amino acid and nucleotide alignments were performed using the Clustal W 

software (http://www.ebi.ac.uk/Tools/clustalw2/). Nucleotide and amino acid 

sequences used here were obtained from the GenBank database (accession 

number): goldfish GHS-Rla, type 1 (AB504275.1); goldfish GHS-Rla, type 2 

(AB504276.1); goldfish GHS-R2a, typel (AB504277.1); goldfish GHS-R2a, 

type2 (AB504278.1); zebrafish GHS-Rla (NM_001146272.1); rainbow trout 

GHS-Rla (NM_001124594.1); tilapia GHS-Rla (AB361053.1); black porgy 

GHS-Rla (AY151040.1); chicken GHS-Rla (NM_204394.1); human GHS-Rla 

(NM_198407.1); chimpanzee GHS-Rla, variant 1 (XM_001165392.1); rat GHS- 

R la  (NM_032075.3); mouse GHS-R (NM_177330.4); zebrafish similar to 

neuromedin U receptor 1 (XM 680313.3); chicken similar to neuromedin 

receptor 1 (XM_426705.2); human motilin receptor (NM_001507); and mouse 

neurotensin R2 (BC141019).

http://www.ebi.ac.uk/Tools/clustalw2/
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2.8. Drugs and reagents

gGRLNig with «-octanoyl modification [321] was synthesized in the 

laboratory o f Dr. Jean E. Rivier (Clayton Foundation Laboratories for Peptide 

Biology, The Salk Institute o f Biological Sciences, San Diego, CA). The 

presence o f gGRLN 19 as one o f the native gGRLN forms has been confirmed 

biochemically in extracts of goldfish intestinal tissues [221]. sGnRH ([Try7,
o

Leu ]GnRH) and cGnRH-II, endogenous GnRH forms released at the goldfish 

pituitary [41, 47], were purchased from Bachem (Torrance, CA). gGHRH with 

the sequence: HADAIFTNSYRKVLGQISARKFLQTVM and a c-terminal 

amidation [185] was custom synthesized (Genscript, Piscataway, NJ). PACAP 

(mammalian PACAP38 which has previously been shown to be effective in 

stimulating GH and LH release from goldfish pituitary cells [346]) and DA were 

purchased from Sigma-Aldrich (St. Louis, MO). The LVSCC agonist Bay K8644 

(+/-), the LVSCC inhibitor nifedipine, and the LVSCC inhibitor verapamil were 

purchased from Calbiochem via VWR (Mississauga, ON). The PKC activator 1, 

2 -dioctanoyl-5 «-glycerol (DiC8 ), the PKC inhibitor bisinololymaleimide II (Bis- 

II), the PKC inhibitor 12-(2-Cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo- 

5H-indolo[2,3-a]pyrrolo[3,4-c]carbazoIe (Gô 6976), the PKA inhibitor N-[2-(p- 

Bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide dihydrochloride (H-89), 

the PKA inhibitor (9S,10S,12R)-2,3,9,10,1 l,12-Hexahydro-10-hydroxy-9-methyl- 

1 -oxo-9,12-epoxy-1 H-diindolo[ 1,2,3 -fg:3,2,1 -kl]pyrrolo[3,4- 

i][l,6]benzodiazocine-10-carboxylic acid hexyl ester (KT 5720), the NO 

scavenger 2-phenyl-4,4,5,5-tetramethylimidazoIine-l-oxyl 3-oxide (PTIO), the 

NO donor sodium nitroprusside (SNP), the NOS inhibitors aminoguanidine 

hemisulfate (AGH), N-(3-(aminomethyl)benzylacetamidine (1400W), and 7- 

nitroindazole (7-Ni) were purchased from EMD (Gibbstown, NJ). Stock solutions 

of gGRLN 19, sGnRH, cGnRH-II, gGHRH, PACAP, PTIO, SNP, and AGH were 

made in distilled de-ionized H2O. Stock solutions of 1, 2-dioctanoyl-s«-glycerol 

(DiC8 ), bisinololymaleimide II (Bis-II), Gô 6976, H-89, KT 5720, 1400W, 7-Ni,
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and forskolin were made in dimethyl sulfoxide (DMSO). Stock solutions o f Bay 

K8644 (+/-), nifedipine, and verapamil were made in ethanol. Aliquots of 

concentrated stock solutions were stored at -20 °C  until use. Working stock 

solutions o f DA solution was made up fresh, just prior to experiments, in distilled 

de-ionized H2O. Final concentrations were achieved by diluting stocks in testing 

medium. Concentrations o f DMSO in final testing solutions did not exceed 0.1% 

and did not affect basai hormone sécrétion and [C a 2+]j (data not shown).

2.9. Goldfish pituitary cell dispersion and préparation

Goldfish were anaesthetised in 0.05%  tricaine methanesulfonate 

(Aqualife, Syndel, Vancouver, Canada) and then decapitated. Pituitaries from 

both maie and female goldfish were removed and pituitary cells were then 

dispersed by trypsin/DNase treatment as previously described [37]. Cells were 

cultured ovemight on pre-swollen Cytodex-I beads (Sigma, St. Louis, MO; 

perifusion) or on poly-L-lysine coated cover-slips (Ca2+-imaging) at 28 °C, 5% 

CO2 , and 100% humidity in plating medium (Medium 199 with Earle’s salts 

(Gibco, Grand Island, NY), 1% horse sérum, 25 mM HEPES, 26.2 mM NaHC0 3 ,

100.000 U penicillin/1 and 100 mg streptomycin/1, pH adjusted to 7.2 with NaOH) 

[37, 144],

2.10. Perifusion hormone release experiments

Following ovemight incubation at 28 °C, as described above, 

approximately 1.5xl06 cells were loaded into température controlled (18 °C) 

chambers and then perifused with testing medium (Medium 199 with Hanks salts 

(Sigma, USA), 0.1% bovine sérum albumin, 25 mM HEPES, 26.2 mM NaHC0 3 ,

100.000 U penicillin/1 and 100 mg streptomycin/1, pH adjusted to 7.2 with NaOH)
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for 4 h at a rate o f 15 ml/h to stabilize the basai sécrétion rate o f hormones before 

testing began [37]. After this initial perfusion, 1-min (experiments with nominally 

Ca2+-free media, testing media prepared without the addition o f Ca2+ salts) or 5- 

min fractions (ail other experiments with normal Ca2+-containing testing media) 

were collected and stored at -20 °C until being assayed for GH or LH through the 

use o f well-established radioimmunoassays [49, 203]. Briefly, radioactive GH 

and LH tracers were made from 5 pg of purified carp GH or LH iodinated with 

I125, respectively, using lactoperoxidase (Sigma, USA) or chloramine T (Sigma, 

USA) for LH, followed by column purification with G-50 fine Sephadex beads 

(Sigma, USA). Samples were pipetted with known amounts o f rabbit anti-carp 

GH or LH antibody (produced at the University o f Alberta by Dr. R.E. Peter and 

used at a dilution o f 1:50,000 (Kawauchi carpGH a-seum, rabbit #1) and 

1:220,000 (rabbit a-carp GTH378)), respectively, incubated with tracer ovemight 

at 4 °C followed by a subséquent ovemight incubation at 4 °C with a commercial 

secondary goat anti-rabbit gamma globulin antibody (1:40 dilution; Calbiochem 

via VWR, Mississauga, ON). Samples were spun down to pellet the primary- 

secondary antibody complexes, decanted to remove unbound radioactivity, and 

the radioactivity in the pellet quantified in a high throughput gamma counter. 

Standard curves, employed at the beginning and at the end of each set o f samples, 

were used to calculate ng/ml GH or LH levels. Ail experiments utilizing Bis-II, 

Gô 6976, nifedipine, Bay K8644, NO donor and NO inhibitors were performed in 

the dark to minimize light-induced dégradation o f reagents. Stimulators were 

generally applied as a 5-min puise, unless otherwise indicated. Inhibitors were 

generally applied at least 20 min prior to stimulator treatment, to allow for the 

inhibitor to exert its effect. The exact pretreatment periods used are reported in 

the appropriate data chapters. For experiments investigating interactions between 

gGRLNi9 and another stimulator, two types o f protocols were used. A “forward” 

protocol involved application o f a 5-min puise o f gGRLNiç in the middle o f a 

longer exposure to the other stimulatory agent. A “reverse treatment” paradigm
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was also utilized in some experiments in which a prolongée! exposure to gGRLN ] 9 

was used and the other stimulatory agent applied as a 5-min puise during the 

exposure to gGRLN 19. Détails o f these combinational treatment protocols are 

presented in the appropriate data chapters. The GH and LH values in the first 5 

fractions collected (ail obtained prior to drug treatments) were averaged and taken 

as a measure o f the basai rate of sécrétion (pretreatment) and individual columns 

were then expressed as a percentage of pretreatment. This normalization allows 

for the pooling o f hormone-response data from différent columns without 

distorting the hormone release profile. Net hormone response was quantified as 

area under the response curve [58, 341], with base-line subtracted (base-line is 

defined as the average value of the four fractions prior to the quantification 

period; net response is the sum of the changes in hormone content in each o f the 

fractions included in the quantification period). Responses in control columns 

were calculated as area under the response curve using the same response window 

(quantification period) as used in the treatment columns. Ail treatments were 

replicated a minimum of six times in three separate experiments using différent 

cell préparations. Pooled results are presented as mean ± SEM.

2.11. Ca2+ imaging
\

Changes in [Ca2+]j were measured using the Ca2+-sensitive dye fura-2, AM 

(Molecular Probes, Eugene, OR) as previously described [144]. Briefly, cells 

were incubated with 10 pM fura-2, AM dissolved in DMSO with 20% (v/v) 

Pluronic F-127 (Molecular Probes, Eugene, OR) for 45 min, at 28 °C under 5% 

CO2 ; this concentration and température has previously been shown to produce 

stable and uniform loading of the fura-2, AM dye in goldfish pituitary cell 

cultures [144], Following dye incubation, cells were washed three times with 

imaging media (testing media prepared without phénol red) to terminate the 

incubation period. Individual somatotropes and gonadotropes were identified
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based on distinct morphological characteristics visible under differential- 

interference contrast (DIC) microscopy, as previously described [329]. Briefly, 

somatotropes and gonadotropes can be reliably distinguished based on cell size; 

the location, shape and relative size o f their nucléus and nucleolus; and 

characteristics o f cell inclusions. This well-established identification method is 

spécifie for GH- or LH-staining cells and has an accuracy o f >98% (as shown by 

repeated, periodic, double-blind vérification). Foliowing identification, 

somatotropes or gonadotropes were excited at 18-21 °C with an Hg-Xe arc lamp 

(Hamamatsu, Japan) at 340 and 380 nm wavelengths altemately using a 

computer-controlled filter wheel (Empix Imaging, Mississauga, Canada).

Emission fluorescence o f 520 nm in response to excitation wavelengths o f 340 

and 380 nm was recorded into a computer through an oil-immersion objective 

(1.3 N.A.) mounted on a Zeiss inverted microscope (Cari Zeiss Canada, Don 

Mills, Canada) with a Paultek digital imaging caméra (Grass Valley, CA). 

Treatment reagents were applied to the cells housed in a closed bath imaging 

chamber (260 pl chamber volume, sériés 20; Warner Instruments, Hayden, CT) 

using a gravity-driven perifusion System at a rate o f 1 ml/min, allowing the bath 

solution to be replaced in approximately 15-16 sec. gGRLN 19 was applied as a 2- 

min puise either alone or 2  min into a longer treatment with an inhibitor or
P3Q0

another stimulator. Calcium levels were calculated as: [Ca2+]j =  k d x  max X
F 3 8 0 m jn

g z * s in ], where Kd =2 18nm, F 380max/F 3 8 0 min =  1.3523, Rmin= 0 .7 7 6 3 9 3 , and
Rmax”R

Rmax=4 .672442, as obtained from a previously performed calibration. Data was 

quantified as described for perifusion studies. Briefly, data was normalized to the 

average of the first five recording values (pretreatment level) and then net 

response was assessed as the area under the response curve, with base-line 

subtracted. Ail treatments were replicated a minimum of 9 times in separate 

experiments using at least 3 différent cell préparations. As a control for cell 

viability and général health throughout the experiment, cells were challenged with
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a 2-min depolarizing puise of KC1 (30 mM) following a 10-min washout period 

with clear testing media alone at the end of ail treatment protocols. KC1 was able 

to routinely cause a robust Ca2+ signal in >99% of cells and ail cells included in 

the data analysis responded to this control KC1 puise (see Chapters 3 & 4; data not 

shown in other Chapters).

2.12. Statistical analysis

Statistical comparisons o f pooled results were done using one-way 

analysis of variance (ANOVA). When ANOVA showed that significant 

différences existed among the expérimental groups, a Tukey’s comparison test 

was then used to identify différences between the expérimental groups. Where 

data were not normal, nonparametric comparisons using Kruskal-Wallis test 

followed by U-tests were employed. Where appropriate, comparisons between 

only two means were performed using Student’s /-tests and comparisons against a 

predicted value were performed using a single sample /-test. The level o f P <

0.05 was considered significant.
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Chapter 3 -  gGRLNig stimulation of LH release from goldfish pituitary cells: 

Presence of the gGHS-Rla and involvement of LVSCCs

3.1. Introduction

In vertebrates, LH is one o f two pituitary gonadotropins involved in the 

régulation of gonadal development, sexual maturity and reproduction. Among the 

numerous fonctions o f GRLN, it has become increasingly évident that GRLN also 

régulâtes LH release. However, direct effects of GRLN on LH sécrétion in 

mammals remain somewhat controversial and apart from one report of 

involvement o f NO in mediating the stimulatory action on LH sécrétion in rat 

pituitary cells [84]; its mechanisms of action are not fully understood (see Chapter 

1, Section 1.3; [152, 171]). Whether GRLN directly affects LH release in non- 

mammalian tetrapods is also unclear. The goldfish represents one o f the best 

studied models in which multifactorial neuroendocrine régulation o f LH release, 

and associated intracellular signaling, have been characterized (Chapter 1, Section 

1.5; [46, 315]). gGRLNig has also been shown to stimulate LH release in goldfish 

in vivo and in vitro [322] but the receptor signalling pathways(s) mediating these 

effects is unknown.

In this chapter, the aim is to begin to elucidate the signalling components 

involved in the direct action of gGRLN 19 on LH release in the goldfish. To this 

end, I cloned a partial cDNA sequence for a gGHS-Rla, and examined its tissue 

distribution using molecular techniques. Since Ca signalling and LVSCCs are 

important mediators o f sGnRH- and cGnRH-II-stimulated LH release in this 

species [46, 315], I examined the involvement of extracellular Ca2+ and LVSCCs 

in the LH-releasing action o f gGRLN ] 9 as the first attempt at elucidating the

signal transduction mechanism utilized by gGRLN in goldfish gonadotropes using
A version of this chapter has been published: C.L. Grey, L., Grayfer, M., Belosevic, 
J.P., Chang, Ghrelin stimulation of gonadotropin (LH) release from goldfish pituitary 
cells: Presence of the growth hormone secretagogue receptor (GHS-Rla) and 
involvement of voltage-sensitive Ca2+ channels. Mol Cell Endocrinol. 317 (2010) 64-77.
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I

a combination o f Ca imaging and LH release studies with primary cultures of 

goldfish dispersed pituitary cells.

3.2. Results

3.2.1. gG H S-Rla molecular sequencing and RT-PCR analysis o f  tissue expression

As an initial step in cloning the gGHS-R, primers designed against the 

predicted zebrafish GHS-Rla were used in RT-PCR reactions with zebrafish and 

goldfish tissues. Predicted, single 500 bp products were observed in adult 

zebrafish brain, spleen, kidney, heart, and gill, as well as in goldfish brain, 

pituitary, heart, ovary, testis, and intestine (Fig. 3.1; Fig. 3.2A, lower panel). 

Positive signais were also obtained from whole zebrafish embryo at hatching (i.e., 

48 hpf), and free-swimming (72 hpf) developmental stages, but not at 12 and 24 

hpf (Fig. 3.1). 500 bp PCR products from the goldfish brain and pituitary were 

sequenced and found to have high homology (96%) to the predicted zebrafish 

GHS-Rla using BLAST analysis against the NCBI database (data not shown). 

Using the consensus 500 bp sequence obtained, goldfish spécifie primers were 

designed and used in subséquent RACE reactions, which generated information 

allowing for the élucidation of a 720 bp cDNA sequence (data not shown) that 

encodes a predicted protein of 193 amino acids (Fig. 3.3). In silico analysis 

predicted that the RACE product encoded a part o f the first intracellular loop 

through the 5th TMD of a 7 TMD, G-protein coupled receptor. This partial 

receptor sequence showed high amino acid homology to GHS-Rla sequences of 

tilapia (72%), rainbow trout (73%), black porgy/seabream (74%), chicken (80%), 

chimpanzee (78%), rat (76%), mouse (76%), and human (78%), as well as 99% 

homology with the predicted zebrafish GHS-Rla (Fig. 3.3). In addition, the 

predicted gGHS-R amino acid sequence showed low sequence homology to 

related receptors, such as zebrafish and chicken neuromedin U receptor 1 (35%
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and 34%, respectively), human motilin receptor (54%), or mouse neurotensin 

receptor (25%), thus suggesting that our partial sequence is the gGHS-Rla. 

Comparison with the gGHS-R sequences recently made available on NCBI (Fig. 

3.3) revealed that our cloned product is identical to the gGHS-Rla, type 2, further 

confirming that I have characterized a fragment o f the gGHS-Rla in our 

experiments and not a related receptor type. Furthermore, phylogenetic analysis 

of goldfîsh GHS-Rla in a recent publication [151] confirmed a high degree of 

conservation among various species.

3.2.2. Quantitative analysis o f  gGH S-Rla and gGRLN expression in goldfîsh 

tissues.

Using primers designed against the partial gGHS-Rla sequence, 

expression of this receptor in goldfîsh tissues was further characterized using real- 

time, qPCR (Fig. 3.2A, upper panel). Analysis o f gGHS-Rla in goldfîsh tissues 

revealed the highest expression levels in pituitary (Fig. 3.2A, upper panel), 

confirming observations obtained through RT-PCR, which also showed 

expression in the pituitary (Fig. 3.2A, lower panel). The gGHS-Rla expression 

levels were also relatively greater in spleen, testis and intestine, when compared 

to other examined tissues (Fig. 3.2A, upper panel), and, with the exception of 

tissue expression in spleen, these results were also comparable to expression 

pattems observed in RT-PCR (Fig. 3.2A, lower panel). Lower transcript levels of 

gGHS-Rla were also observed in brain, kidney, heart, gill, and ovary (Fig. 3.2A, 

upper panel). It should be noted that the primers used in these latter goldfîsh 

tissue surveys are spécifie to both the type 1 and 2 variants o f gGHS-Rla, but not 

the gGHS-R-2a, type 1 or type 2 forms of this receptor.

To allow a comparison of gGHS-Rla mRNA expression levels to one of 

its ligands, we also characterized gGRLN 19 mRNA levels in various goldfîsh 

tissues using real-time, qPCR. Using primers designed against the recently
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characterized gGRLN 19 sequence [321], results revealed the highest gGRLN 19 

mRNA expression levels in the spleen, intestine, testis, and pituitary tissues (Fig. 

3.2B). Weaker gGRLN 19 transcript levels were observed in the blood, brain, heart, 

gill, ovary, liver, and kidney tissues while the lowest expression levels o f the 

hormone were seen in goldfîsh muscle tissue (Fig. 3.2B). These results are 

comparable to previous RT-PCR studies using primers against the full length 

gGRLN cDNA, which revealed strong GRLN mRNA expression in the intestine 

and spleen and weaker expression in the brain [321], Furthermore, Southern blot 

analysis has shown gGRLN expression in the goldfîsh gill [321]. However, 

previous work has not shown expression in the pituitary, heart, ovary, testis, nor 

the blood of goldfîsh tissues.

3.2.3. Acute LH responses to gGRLN 1 9

A  previous cell column perifusion study using single dose challenges 

showed that gGRLN 19 stimulated LH sécrétion acutely, but no significant dose- 

dependency was observed [322]. Using sequential applications of 5-min puises of 

various doses of gGRLNiç (0.01 to 10 nM; range based on [322]), with challenge 

puises applied at 60 min intervais, I evaluated if prior exposure to GRLN affected 

subséquent LH release responses (Fig. 3.4). A 5-min puise o f a maximal 

stimulatory dose o f sGnRH (100 nM) [37, 38] was applied at the end of the 

protocol to evaluate whether cell cultures were still responsive following multiple 

GRLN treatments.

Ail doses o f gGRLNig tested significantly stimulated LH release in a 

réversible manner (Fig. 3.4). These LH responses were rapid and commenced in 

the fraction collected immediately following treatment, a delay that can be 

accounted for by the dead volume in the System. Four repeated 5-min puises of 

gGRLN^ at 1 nM produced LH responses that were not significantly différent 

from one another (Fig. 3.4C). Interestingly, doses applied in increasing order,
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from 0.01 to 10 nM, resulted in decreasing LH release responses (Fig. 3.4A), 

while decreasing doses, from 10 to 0.01 nM, resulted in LH responses that are not 

significantly différent from one another (Fig. 3.4B), suggesting some form of 

desensitization in the System.

Treatments o f sGnRH (100 nM) consistently produced LH responses in ail 

treatments, suggesting that cells remained healthy and responsive throughout the 

testing protocols (Fig. 3.4). Due to the lack of a clear dose-response relationship, 

especially when employing decreasing doses (Fig. 3.4B), a dose of 1 nM was 

chosen for ail following gGRLN 19 experiments given that it was a physiologically 

relevant dose [320] which could also produce consistent and repeatable LH 

responses, in both these and prior experiments [322], and without causing 

desensitization o f subséquent treatments.

3.2.4. [ C a +]i in gonadotropes changes in response to gGRLN 1 9  and sGnRH

As a first step in evaluating gGRLN 19-induced LH signalling, whether 

gGRLNiç was able to induce increases in [C a 2+]j in gonadotropes preloaded with 

fura-2, AM was examined. Administration of 2-min puises o f  gGRLNi9 

increased [C a2+]j in identified gonadotropes in mixed pituitary cell populations 

(Fig. 3.5 A). To explore the possible existence o f sub-populations o f gonadotropes 

within the pituitary that responded differentially to gGRLN 19 and sGnRH, I 

examined if the same cells could respond to both peptides. A comparison o f 2-min 

puises of sGnRH (100 nM) followed by gGRLNig (1 nM) (Fig. 3.5B, lefït panel), 

or gGRLN19 followed by sGnRH (Fig. 3B left panel inset), added to the same cell
• • • • • 2*band separated by a washout period, each resulted in significant increases in [Ca ], 

that were not statistically différent from one another in terms o f total response 

magnitude (Fig. 3.5B, right panel). These observations suggest the co-expression 

of both GnRH and GRLN receptors in single goldfîsh gonadotropes (Fig. 3.5B). 

Ail cells tested responded significantly to a 2-min depolarizing puise o f 30 mM
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KC1 at the end o f the protocol, indicating that they remained healthy and 

responsive throughout testing (Fig. 3.5).

3.2.5. Effects oflim iting the availability o f  extracellular Ca2+

To examine the possible involvement o f extracellular Ca2+ in gGRLNig 

action on LH release, I first tested the effects o f limiting available extracellular 

C a 2+. Transient increases in [C a2+]j, peaking at about 75-90 sec and retuming to

around 75% of pretreatment levels by around 3 min, were observed at the onset of
2+

nominally C a  -free media treatment (Fig. 3.6 A inset). Additionally, following 

réintroduction of extracellular Ca2+, we observed a smaller transient increase in 

[C a2+]j, peaking at 30-45 sec and retuming to pretreatment levels by 1.5 min. 

These transient changes in [C a2+]j likely reflect changes in cellular Ca2+ 

homeostasis in response to altérations in the electrochemical gradient, and thus 

application o f treatments was delayed until a new equilibrium was reached.

Indeed, similar findings have been reported in past studies [110, 139].

Application o f a 2-min puise o f gGRLN 19 4 min into nominally Ca2+-free 

treatment, a time when a new electrochemical equilibrium was reached, failed to 

elevate [Ca2+]j (Fig. 3.6A), findings that are consistent with the idea that the 

availability o f extracellular Ca2+ is required for gGRLN 19-induced increases in 

[Ca2+]j in goldfîsh gonadotropes. The Ca2+ responses to a depolarizing dose of 

KC1 (30 mM) in cells previously exposed to nominally Ca2+-free media alone, 

gGRLN 19 alone, and gGRLN 19 plus nominally Ca2+-free media were not différent 

from one another, indicating that prior exposure to nominally Ca2+-free media did 

not permanently affect the responsiveness of goldfîsh gonadotropes.

To further explore the rôle o f extracellular Ca2+ in gGRLN 19-induced 

signalling in goldfîsh gonadotropes, I examined the effects o f nominally Ca2+-free 

media on LH release from populations o f pituitary cells in perifusion protocols 

with 1-min, fast fraction collections. Treatment with nominally Ca2+-free media
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resulted in a transient rise in LH (Fig. 3.6B). These increases were likely related 

to the increases in [Ca2+]j observed in Ca2+-imaging studies. As in previous 5-min 

fraction collection protocols, treatment of gGRLN 19 in normal Ca2+-containing 

media significantly increased LH release in 1-min fraction collection studies. The 

application o f gGRLN 19 in the presence o f nominally Ca2+-free media however, 

did not resuit in a significant change in LH release when compared to Ca2+-free 

media alone (Fig. 3.6B).

-y,
Taken together, these LH release and Ca -imaging results suggest that 

extracellular Ca2+ entry plays a key rôle in gGRLN 19-induced LH release from 

goldfîsh pituitary cells. These results are, however, inconclusive due to the high 

level of variance in LH release following administration o f nominally Ca2+-free 

media and that this treatment also elevated basai LH release.

3.2.6. Effects o f  the LVSCC agonist, Bay K8644

1
To further explore the rôle of extracellular Ca in gGRLN 19 signalling, I 

examined the effects o f the LVSCC agonist Bay K8644. If entry o f extracellular 

Ca2+ through L-type VSCCs is critical in gGRLN 19-induced LH release, treatment 

of gGRLNig should not resuit in further increases in [Ca2+]j and LH sécrétion 

when this pathway is already maximally stimulated by Bay K8644. On the other
j-, t t

hand, if  VSCCs and entry of extracellular Ca are not involved in gGRLN- 

induced signalling in the goldfîsh gonadotropes, one would expect the responses 

to treatments of both Bay K8644 and gGRLNi9 to be additive, as they would be 

signalling via independent pathways.

Consistent with previous studies showing the ability o f Bay K8644 to 

increase Ca2+ flow through LVSCCs on goldfîsh gonadotropes [53, 137, 328], 10 

pM Bay K8644 rapidly increased [Ca2+]j in identified goldfîsh gonadotropes. 

These responses consist o f a peak increase at ~1 min following Bay K8644 

application followed by sustained élévations at -150%  of pretreatment levels
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(Fig. 3.7A). 2-min puises o f gGRLNiç alone induced increases in [C a 2+]j to 

-160%  of pretreatment levels by 90 sec; however when gGRLNig was applied 

when gonadotropes were already pre-stimulated with Bay K8644, it was unable to 

further stimulate [Ca2+],. These results suggest that gGRLN 19 is targeting 

LVSCCs on gonadotropes (Fig. 3.7A).

To further examine the rôle of LVSSCs in gGRLN 19-induced LH release, I 

examined the ability of gGRLN 19 to stimulate LH sécrétion in the presence of Bay 

K8644 in perifusion assays. Consistent with its ability to increase [C a 2+]j in 

goldfîsh gonadotropes, 10 pM Bay K8644 rapidly elevated LH sécrétion to 

-125%  pretreatment levels by 10 min, this is followed by sustained increase in 

basai to -110%  pretreatment throughout the 40 min treatment time (Fig. 3.7B). In 

contrast to its ability to generate a LH sécrétion response when applied alone, 

gGRLNig, when applied during Bay K8644 stimulation, did not further elevate
'y 1

LH sécrétion (Fig. 3.7B). Taken together, these hormone release and Ca - 

imaging results strongly implicate extracellular Ca2+ and LVSSCs in gGRLNi9 - 

induced LH release from the goldfîsh pituitary.

3.2.7. LVSCC inhibitors abolish gGRLN 1 9 -induced LH release and [C a2+] i signais

To confïrm the hypothesis that LVSSCs and extracellular Ca2+ entry are 

important components in gGRLN 19-induced LH release from goldfîsh pituitary 

cells, I tested the effects o f LVSCC inhibitors in perifusion and fura-2, AM-based 

Ca2+-imaging studies. Application of two différent LVSCC inhibitors, nifedipine 

(1 pM) and verapamil (1 pM) [243, 314], each suppressed basai LH release (Fig. 

3.8A, B). These two inhibitors have previously been shown to reduce LVSCC 

currents in goldfîsh pituitary cells, including gonadotropes [259, 328],

Application o f a 5-min puise o f gGRLNig 40 min into nifedipine or verapamil 

treatment failed to produce a LH response. In, contrast, treatment with gGRLNig 

alone induced increases in LH release (Fig. 3.8A, B).
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The effects of nifedipine on g G R L N  19-induced [C a2+]j in goldfîsh 

gonadotropes were also examined as another means of testing the involvement of 

L V S S C s  in g G R L N  19-induced L H  release. To minimize the possible effect of 

long pretreatment times on the status of intracellular stores with L V S C C  blockers, 

I employed short pretreatment times of only 2  min with the nifedipine in these
9 -hCa -imaging experiments. Treatment with nifedipine resulted in a transient

1
increase in [Ca ]j to ~ 1 35% pretreatment level, followed by a retum to a slightly 

elevated, but stable, basai level o f -115%  by 2 min (Fig. 3.9). During this time,
^ 1

gGRLN 1 9  treatments were unable to stimulate increases in [Ca ]j observed in
1

previous C a  imaging experiments (Fig. 3.9). On the other hand, 30 mM KC1 

puises applied at the end o f the treatment protocol were able to stimulate increases 

in [C a 2+]j following termination of nifedipine treatment to levels similar to those 

observed in cells not exposed to the L V S C C  inhibitor, indicating that cells were 

not permanently affected by nifedipine treatment (Fig. 3.9). These observations,
9 +when taken together, reinforce the idea that extracellular Ca entry through 

LVSCCs is a critical component in gGRLNig signaling in goldfîsh gonadotropes.

3.3. Discussion

This thesis chapter aimed at further characterizing the direct effects of 

GRLN on LH sécrétion and the rôle of extracellular Ca2+ and LVSCCs in 

mediating GRLN actions in a représentative teleost species, the goldfîsh, in which 

neuroendocrine régulation of LH release has been well studied. To this end, I was 

able to clone a partial sequence of the highly conserved GHS-Rla. Results from 

RT-PCR and qPCR experiments indicate, for the first time, that gGHS-Rla 

mRNA is expressed in brain and pituitary tissues in goldfîsh. gGRLN mRNA has 

been identified in the brain of goldfîsh in a previous study [321] and its presence 

in the pituitary was demonstrated in this study. These GRLN and GHS-Rla
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mRNA expression data are consistent with the idea that GRLN is an important 

neuroendocrine factor in the hypothalamus-pituitary axis of goldfîsh. Since the 

primers used do not differentiate between the type 1 & 2 isoforms o f gGHS-Rla, 

whether only one or both forms are expressed in these tissues cannot be 

ascertained. Nonetheless, the presence o f gGHS-Rla mRNA in the pituitary,
9 +when taken together with the ability of gGRLN 19 to elevate [Ca ]x in identified 

gonadotropes and to increase LH sécrétion from dispersed goldfîsh pituitary cells 

in this thesis chapter, as well as the ability of a GHS-R antagonist, D-Lys -GHRP- 

6 , to inhibit the LH response to gGRLN 19 in previous experiments [322], suggest 

that gGRLN 19 acts on gGHS-Rla to directly stimulate LH release. Consistent 

with this hypothesis, evidence supports that GRLN actions in the brain and 

pituitary of various animais, including rat [220, 313, 370] and baboon [162], are 

mediated through the GHS-Rla [126, 171, 327]. Future work examining the 

expression o f GHS-Rla mRNA and proteins in différent pituitary cell-types 

would be useful to confïrm this hypothesis.

Data in this thesis chapter not only confirmed that gGRLN 19 consistently 

induced L H  release from dispersed goldfîsh pituitary cells, with no clearly 

demonstrable dose-response relationships observed, but importantly, also 

provides insight into the signal transduction mechanisms involved. My data links 

gGRLN 19-induced L H  release to Ca2+ signalling and involvement o f LVSCC in 

several ways. First, gGRLNjg significantly increased [Ca2+]i in identified 

gonadotropes. Second, nominally Ca2+-free media inhibited these [Ca2+]j
2+

increases, as well as the L H  sécrétion response, suggesting that extracellular C a  

availability is a key component in g G R L N  19-induced intracellular signaling in L H  

release. Third, when L V S C C  functions were already fully activated by Bay 

K8644, addition o f g G R L N ig  did not further increase [C a 2+]j in gonadotropes and 

L H  release from dispersed pituitary cells. Fourth, the addition o f L V S C C  

inhibitors abolished the [C a 2+]j and L H  release responses to g G R L N  19. Taken as a
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whole, these results indicate that extracellular Ca2+ entry through LVSCC 

médiates gGRLNjç signalling leading to LH release. In support of this idea, the 

involvement of LVSCC in GRLN action has been reported for GH release in 

dispersed porcine [202] and rat pituitary cells [357], a rat tumor cell-line [74], and 

goldfîsh pituitary cells ([110]; Chapter 4). In addition, the participation of
i

extracellular Ca in GRLN action has also been demonstrated in HEK-293 cells 

expressing transfected fish (porgy/seabream) GHS-Rla [34]. Despite these 

previous reports indicating the involvement of extracellular Ca2+ and LVSCC in 

GRLN action in pituitary and non-pituitary Systems, the current results reveal, for 

the first time, their involvement in GRLN-induced LH release in any vertebrate 

model.

The involvement o f extracellular Ca2+ and LVSCC in GnRH stimulation 

of LH sécrétion in goldfîsh, as well as in other teleosts and mammals, has been 

clearly demonstrated (Chapter 1, Section 1.5.2; [42, 46]). Since gGRLN 19- 

induced goldfîsh LH release also involves extracellular Ca2+ entry through 

LVSCC, it would be important in further studies to examine the interactions 

between GnRH and gGRLN 19 action on goldfîsh gonadotropes. Indeed, human 

GRLN has been reported to potentiate the LH response to sGnRH in carp pituitary 

cells [293] and mGnRH in rat pituitary cells [83]. In the présent study, the net 

[Ca2+]j response to gGRLNi9 in cells pre-exposed to sGnRH were not 

significantly différent from responses to treatments with gGRLNi9 alone or when 

gGRLNi9  was applied prior to sGnRH treatment (Fig. 3.5A and B, right panels). 

When looking at the kinetic profiles, however, there appear to be some 

différences in the magnitude and duration o f both gGRLN i9- and sGnRH-induced 

changes in [Ca2+]j when cells are treated with gGRLNi9  alone, or with both 

gGRLNi9 and sGnRH treatment in either order (Fig. 3.5A and B, left panels). 

Whether these observations indicate that gGRLNi9 and sGnRH interact in their
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régulation o f goldfîsh gonadotrope functions or that seasonal différences in 

responsiveness exist requires further study.

Interestingly, sGnRH, cGnRH-II, and PACAP stimulation o f LH release in 

goldfîsh also involve mobilization of Ca2+ from intracellular stores [46]. In 

addition, mammalian and porgy/seabream GHS-Rla receptors are linked to 

activation o f PLC, which generates the intracellular Ca2+-mobilizing IP3, in
9+expression Systems [34]. Given that interférence with extracellular Ca entry, 

such as the prolonged exposure to LVSCC antagonists used in LH release testing 

in the présent study, may affect the status of intracellular Ca2+ stores, the possible 

participation o f intracellular Ca2+ in the Ca2+ signaling o f gGRLNiç leading to LH 

release remains to be determined and will need to be examined in the future. 

Complicating the matter, previous studies have demonstrated that global changes 

in intracellular Ca2+ are not linearly related to hormone sécrétion. Indeed, the 

SERCA inhibitor Tg causes increases in [Ca2+], that are o f similar magnitudes as 

those induced by GnRH and yet the immédiate effect o f Tg treatment is a 

decrease in basai LH sécrétion [142]. The rôle o f other second messenger 

Systems, including the NO pathway, thought to be involved in GRLN stimulation 

of LH in rats [84], also needs to be considered. Although NO donors stimulate LH 

release from goldfîsh pituitary cells, PACAP stimulation o f LH release from 

goldfîsh pituitary cells does not utilize NO signaling [51].

In several mammalian studies, the ability o f GRLN to increase LH 

sécrétion appears to be related to the sex and gonadal status o f the pituitary donor 

(Chapter 1, Section 1.5; [82-84]). Similarly, human GRLN is reported to 

stimulate basai LH release only from pituitary cells obtained from female, but not 

maie, common carps, suggesting that gonadal sex is an important factor [293]. As 

a resuit o f laboratory limitations and the logistics of separating large numbers of 

fish based on sex, experiments included in this thesis pooled pituitary cells from 

both maie and female goldfîsh and thus comparison of the influence of gonadal
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sex cannot be made. Such comparisons are also beyond the scope of the current 

work. Nonetheless, the possible influence of gonadal steroids on gGRLNig 

effects would be an important element for investigation in future studies. On the 

other hand, gGRLNjç, the likely endogenous ligand for the gGHS-Rla, was able 

to increase LH release from pituitary cells and elevate [C a2+]j in gonadotropes 

prepared from post-pubertal goldfîsh at ail times o f the reproductive year in the 

current work.

In addition to its relatively high level o f expression in pituitary and brain, 

gGHS-Rla mRNA was also detected in the intestine (including stomach), spleen, 

testis, and heart, while only relatively low levels were observed in other goldfîsh 

tissues (Fig. 3.2A). The presence o f GHS-Rla mRNA in many of these tissues 

have also be reported for other teleost species including porgy/seabream [31], 

orange spotted grouper [62] and the rainbow trout [153]. Recently, is has also 

been reported that zebrafish intestine stained positively with an antibody against 

rainbow trout GHS-Rla [241]. Although data in the présent thesis chapter failed 

to show GHS-Rla in the intestine o f the zebrafish through RT-PCR, they 

demonstrated for the first time that GHS-Rla mRNA is expressed in the spleen, 

liver and brain o f adult zebrafish, a commonly used fish model in many 

physiological and developmental studies because o f the relative completeness of 

its genomic information. It would be interesting to further study the profile of 

GHS-Rla expression in the zebrafish to clarify the différences observed; 

however, it is beyond the scope o f this thesis. On the other hand, the distribution 

pattem of GHS-Rla observed in goldfîsh and other fish species agréés with many 

of the known physiological functions o f GRLN in mammals. For example, the 

expression o f GHS-Rla mRNA in blood and spleen can be correlated with the 

known ability o f GRLN to regulate immune function, and macrophage and T-cell 

activities [308], and that o f GHS-Rla expression in heart with the known effects 

o f GRLN on cardiovascular function and endothélial and cardiomyocyte cell
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apoptosis [9, 351], GHS-Rla expression in the mucosa of gut in humans appears 

to be related to Crohn disease [127]. The presence o f G H S-Rla in gonadal 

tissues is also consistent with the known direct effects o f GRLN on the gonads in 

mammals and chickens, including estrogen production from ovarian foliicles 

[214, 261, 309]. Interestingly, although GHS-Rla mRNA was expressed in both 

the ovary and testis o f porgy/seabream [31], it appeared that higher levels were 

présent in the testis, as compared to the ovary, o f goldfîsh (Fig. 3.2) and was 

absent in both testis and ovary of adult orange spotted grouper [62]. Given the 

lack of statistical différence between the GHS-Rla levels in the testis and ovary 

(Fig. 3.2A, upper panel) these results may represent normal variance and thus 

further study is needed to support this finding. Whether these différences were 

due to species différences and/or the maturational/reproductive status o f the 

animais from which gonadal tissues were harvested would be an interesting study 

for the future.

GHS-Rla mRNA was not detected in unfertilized and just fertilized eggs 

of the orange spotted grouper but was présent from the neurula stage embryo 

onwards [62]. In the présent thesis chapter, GHS-Rla mRNA expression was not 

detected in whole zebrafish embryo at 12 and 24 hpf but was présent at 48 

(hatching) and 72 (free-swimming larvae) hpf. Taken together, these observations 

indicate that GHS-Rla mRNA expression increases with embryonic development 

and is not part of the maternai signal in fish embryos.

Results from LH release experiments in which gGRLN 19 was applied in 

increasing concentrations suggest that the hormone response to this peptide may 

undergo desensitization. This was also observed in studies on GH sécrétion 

([110]; Chapter 4). Interestingly, sGnRH in previous studies produced dose- 

dependent LH sécrétion and repeated puise application of a maximally stimulating 

dose (applied as puises 1 h apart) showed no desensitization o f the LH response 

[37, 49, 59]. This indicates that, at least for sGnRH, sequential puise applications
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at 1-h intervais do not cause desensitization. Several reports, however, indicate 

that GHS-Rla can be subject to rapid desensitization and/or receptor down- 

regulation. Repeated challenges with GRLN or the synthetic GH secretagogue, 

GHRP-6 , desensitized the [C a 2+]j responses in HEK-293 cells expressing 

transfected GHS-Rla [26, 27]; in addition, GHS-Rs expression in HEK-293 have 

been shown to undergo rapid constitutive, as well as ligand-induced, 

intemalization [123]. On the other hand, GHRP - 6  increased seabream GHS-Rla 

promoter activity in HEK-293 cells expressing this promoter [359], suggesting 

ligand-induced receptor synthesis and potential receptor up-regulation. The 

partial cloning of the goldfîsh GHS-Rla provides the basis for future investigation 

into gGRLNi9  homologous régulation of GHS-Rla, which will help to clarify 

some of these différences.

In summary, findings in this thesis chapter strongly support a direct 

stimulatory rôle for gGRLNiç in goldfîsh pituitary cells. Furthermore, tissues

surveys o f the gGHS-Rla, type 1 & 2, support the idea that gGRLN 19 may act via
2+

these receptors at the level o f the pituitary. Although the rôle o f  intracellular Ca 

has not been examined and functional receptor data has yet to be provided, data in
2 j

this thesis chapter have clearly demonstrated that both extracellular Ca entry 

and LVSCCs are involved in the LH-releasing process of gGRLNi9 .



Table 3.1. Sequence o f  primers used in this chapter

Primer Sequence (5’-3’)

Ja'&vïiïMi '.TsTSh

Zebrafish G H S-R la reverse TGT CTT GTA TAG TCT CAT CGG GCG

Zebrafish p-actin reverse ATG GGC CAG ACT CAT CGT ACT CCT

Goldfîsh p-actin reverse ACT CCT GCT TGC TGA TCC A C A  TCT

Goldfîsh G H S-R la qPCR reverse GAG CCC AGA CCT AAT GGC ATA T

Goldfîsh ghrelin qPCR reverse CAG TTC GAA CGG AGC ACT CAT

Elongation factor 1 -a  qPCR reverse TTG ACA GAC ACG TTC TTC ACG TT

uŸNû' j'ftrisv#3ïîk

M 13 reverse ACA GCT ATG ACC ATG ATT AC

3 ’ RACE goldfîsh G H S-R la ACC GAC CTT GGA ATT TCG GCA ACG

■
îmlil

RACE universal primer (short) CTA A T A  CGA CTC ACT ATA GGG C
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Zebrafish
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Fig. 3.1. Tissue expression o f the GHS-Rla mRNA in zebrafish tissues. Gel view o f RT-PCR 
with GHS-Rla mRNA primers in various zebrafish tissues with p-actin control.
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Fig. 3.2. Tissue expression o f GRLN and the GHS-Rla mRNA in goldfîsh tissues. (A, upper) 
Real-time qPCR analysis o f  gGHS-Rla mRNA in various goldfîsh tissues expressed as 
average fold différence compared to liver tissue ±SEM, n=4-5 fish; (A, lower) corresponding 
gel view of RT-PCR for GHS-Rla mRNA with p-actin control. (B) Quantitative PCR analysis 
of gGRLN mRNA in various goldfîsh tissues expressed as average fold différence compared 
to muscle tissue ±SEM, n=4-5 fish. qPCR results are normalized to the endogenous control, 
EFl-a. Tissues with similar relative expression levels share the same letter o f the alphabet.



72

TM D  1 T M D 2
goMBartCHS-RTatyctt 
goUfeft QHSR2a type 2 goidMt GHS-R1 a typ» t poMfah GHS-RU type 2 
zaoraHA OHS-Ria 00<d»i» umwiâ 0W*0 
Mac* porpy GHS-R1»Hapu GHS-Rta 
mrto* trout GHS«ia 
human GHS-Rla ctwnpanzM GHS-Ria («1 \ 
rat GHS-Rta RV3UM GHS-Rla 
chrcMnGHS-R1a
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Vrrnjha.CLTVL7SI,JCaBttai<»̂ 5rt»IŴRĤKHWRQ7VKHLAVWlJtrVl̂ L>POTmiM«»ltiMi»lllino:8EYC»n.VS?VU‘«LSAAI«PILYinJtSKRYaBAfteKX. 336 VrrPÏJV̂Ct7Vt7SL7CRJlt«WUIt«Bf»at-I*«RIIU*»RQ7VKïtLAVWXAPVtCHt|f«Wa»aMm«MWPiW«:aStCiaVgPVU-TI.RAA:itP:LYii:iilSICRr*3AAC«. 336 
:rrru>vpcL7VLysL:cuxfaaitaiB9>»omsSRsxN»R07vxMLAvwrA;'/icHL»Piivs«ucmcNesp9Hsv:soYcin.:srvLr¥i.£AA:iip:LyMiMSKKVRXAACxi. 33: :FrrLPVPCx.TVLysL:<aàttiiatxm«i£0snsfiROKNMRQ7VKiajtvvvrAmcm«PBy<pxx̂ |imxMBSiiviisv:st!YctiL:srvi,ryLRAA:MP:i.YN:»tsKKYRMAACKL 331 ÏPPPLPVPCLTVLYSLlGSjlHflBnPIlMNit̂ lRMŜ ÔKÛVVVTVVMMLrjPirifBmSatiaiOStWIlSnSRYCNLXSPVLrTLSAAIWILyHIItSIUtYlOlAACRL 331
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Fig. 3.3. Alignment o f the amino acid sequence of the cloned partial gGHS-Rla (highlighted), as 
compared to GHS-Rs o f other species and the recently available full-length gGHS-R 
sequences. Predicted trans-membrane domains are highlighted in grey. Fully conserved 
residues are indicated by an asterisk (*), partially conserved and semi-conserved substitutions 
are represented by and respectively. Amino acid data is deduced from nucleotide 
sequencing data (not shown).
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Fig. 3.4. Multiple challenges of gGRLNig, applied at intervais of 1 h, induce LH release from 
dispersed goldfîsh pituitary cells in perifusion. Arrows indicate applications of 5-min 
challenges of various doses of gGRLN19 applied as increasing (A), decreasing (B), or repeated 
doses (C) in a column perifusion system. LH values were normalized as % pretreatment 
(pretreatment value = average values of the first 5 fractions collected; 3.04 ± 0.23 ng/ml).
The kinetic profiles of LH release are presented in the left panels and quantified net LH 
responses are presented on the right. Pooled data are presented as mean ± SEM (n=8 from 4 
separate experiments performed between Sept and Dec). Within each treatment sériés, 
responses that are not significantly différent from one another are denoted by same letters of 
the alphabet.
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Fig. 3.5. Both gGRLN , 9  and sGnRH elicit changes in [Ca2+]| in the same individual, identified 
goldfîsh gonadotropes within primary cultures of mixed pituitary cells. Cells were treated 
with 2-min puises o f either 1 nM gGRLN i9  alone (A) or with 100 nM sGnRH followed by 1 
nM gGRLN|9 (B) or with lnM gGRLN ! 9  followed by sGnRH (B, inset), as indicated by 
arrows. A 2-min, 30 mM, KCl puise was applied at the end o f the treatment protocol to 
evaluate if the cells were still healthy and capable o f responding to depolarization-induced 
increase in [Ca2+],. The kinetic profiles o f  [Ca2+]j change are presented in the left panels and 
quantified net responses are presented on the right. Ca + levels were normalized to the basai 
level (% pretreatment; average o f  the first 5 recorded values; 124.66 ± 32.71 nM) before 
being pooled. Pooled data are presented as mean ± SEM (n=10 in each case from a total o f  8  

separate experiments over 3 cell préparations performed in May). Responses that are not 
significantly différent from one another are denoted by same letter o f  the alphabet.
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Fig. 3.6. 1 nM gGRLNi9  did not produce significant changes in [Ca2+]i (A) and LH release (B) 
during nominally Ca2+-free media treatment in goldfîsh pituitary cells. The kinetic response 
profiles are presented in the left panels and quantified net responses are presented in the right. 
Vertical dotted fines indicate the duration during which responses to treatments were 
quantified. Pooled data are presented as mean ± SEM (n=10 from 9 separate experiments 
over 3 cell préparations performed in July and n= 8  from 4 separate experiments performed in 
May, for [Ca2+]; and LH release experiments, respectively). Applications of nominally Ca2+- 
free media are indicated by the solid horizontal bar while gGRLN , 9  applications are indicated 
by a closed arrow. (A) Cells were pre-treated with nominally Ca2+-free media for 3.25 min 
prior to a 2-min gGRLN , 9  challenge. Following washout o f  10 min, a 2-min puise o f 30 mM 
KCl (open arrow) was used as a positive control to evaluate if cells remained healthy and 
responsive to depolarization-induced increases in [Ca2+];. Ca2+ levels were normalized to the 
basai level (% pretreatment; average o f  the first 5 recorded values; 118.96 ± 10.33 nM) before 
being pooled. (B) Cells were pre-treated for 10-min prior to a 5-min gGRLN1 9  challenge. 
Fractions were collected every minute for the first 30 min, then every 5 min for 25 min. LH 
values were normalized as % pretreatment (pretreatment value = average values o f  the first 5 
fractions collected; 2.51 ±0.13 ng/ml). Treatment groups with response values that are not 
significantly différent share the same letter o f the alphabet.
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Fig 3.7. I nM gGRLN ! 9  and 10 |iM o f the LVSCC agonist Bay K8644 do not produce additive 
changes in [Ca2+]j levels (A) or LH release activity (B) in goldfîsh pituitary cells. The kinetic 
response profiles are presented in the left panels and quantified net responses are presented in 
the right panels. The vertical dotted lines indicate the duration during which responses are 
quantified. Cells were pre-treated with Bay K.8644 (solid horizontal bar) prior to gGRLN l 9  

challenges (closed arrow). Pooled data are presented as mean ± SEM (n=lO from 8  separate 
experiments over 3 cell préparations performed in July and n= 8  from 4 separate experiments 
performed in March, for [Ca2+]j and LH experiments, respectively). (A) Cells were pre- 
treated with Bay K8644 for 2 min prior to a 2 min puise o f  gGRLN l9. Following a washout of 
10 min, a 2-min puise o f 30 mM KCl (open arrow) was used as a positive control to evaluate 
if cells remained healthy and responsive to depolarization-induced increases in [Ca2 +]j. Ca2+ 
levels were normalized to the basai level (% pretreatment; average of the first 5 recorded 
values; 54.40 ± 5.06 nM) before being pooled. (B) Cells were pre-treated with Bay K8644 for 
15 min prior to a 5-min gGRLNi9  challenge. LH values were normalized as % pretreatment 
(pretreatment value = average values o f the first 5 fractions collected; 2.79 ± 0 .1 0  ng/ml). 
Treatment groups with response values that are not significantly différent share the same letter 
of the alphabet.
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Fig. 3.8. LVSCC inhibitors nifedipine (A) and verapamil (B) eliminate gGRLN|9-induced LH 
release from goldfîsh pituitary cells in perifusion. Cells were pre-treated for 40 min with 1 
pM verapamil (VERAP) or nifedipine (NIF) (solid horizontal bars) prior to a 5-min treatment 
with 1 nM gGRLN | 9  (arrow). The kinetic profiles of the LH responses are shown in the left 
panels and the quantified net responses are presented in the right panels. The duration o f net 
response quantification is indicated by the two dotted vertical lines. LH values were 
normalized as % pretreatment (pretreatment value = average values o f  the first 5 fractions 
collected; 7.92 ± 0.55 ng/ml). Pooled data are presented as mean ± SEM (n=16 (gGRLN ,9) 
or n= 8  (other treatments), from 5 separate experiments performed between Dec and April). 
Treatment groups with response values that are not significantly différent share the same letter 
o f the alphabet.
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Fig. 3.9. The LVSCC inhibitor nifedipine (NIF) inhibits gGRLN ,9 -induced changes in [Ca2+];in 
individual, identified goldfîsh gonadotropes in primary cultures of mixed pituitary cell. Cells 
were pre-treated with 1 pM nifedipine (solid horizontal bar) for 2 min prior to a 2-min, 1 nM, 
gGRLN i, challenge (closed arrow). Following washout of 10 min, a 2-min, 30 mM, KCl 
treatment (open arrow) was used as a positive control to evaluate if  cells remained healthy and 
responsive to depolarization-induced increases in [Ca2 +]j. The kinetic profiles o f [Ca2t], 
change are presented in the left panel and quantified net responses are presented on the right. 
Vertical dotted lines indicate the duration o f response quantification. Ca2+ levels were 
normalized to the basai level (% pretreatment; average of the first 5 recorded values; 34.10 ± 
4.04 nM) before being pooled. Pooled data are presented as mean ± SEM (n=10 from 9 
separate experiments over 3 cell préparations performed in August). Treatment groups with 
response values that are not significantly différent share the same letter of the alphabet.
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Chapter 4 -  gGRLN 1 9-induced GH release from goldfîsh pituitary cells 

involves LVSCCs

4.1. Introduction

The presence o f gGRLN mRNA in the goldfîsh brain and hypothalamus 

[321] suggests a rôle for gGRLN in the régulation o f pituitary hormone sécrétion 

in this model system and gGRLN ] 9 elevates GH release in vivo and in vitro 

(Chapter 1, Section 1.3.1; [322]). Little knowledge, however, is available 

regarding intracellular signalling cascades that lead to gGRLN-induced GH 

release in the goldfîsh pituitary. On the other hand, stimulation of black seabream 

GHS-Rla expressed in HEK-293 cells with GHSs demonstrates that stimulation 

of PLC, increases in [Ca ] j ,  and activation o f LVSCCs are possible mechanisms 

linked to GRLN action in fish [31, 32]. Given the importance o f increases in 

[Ca2+]j in GRLN-elicited GH release in mammals (Chapter 1, Section 1.4.2; [162, 

202]) and the relative importance o f Ca2+ signalling and LVSCCs in mediating the 

GH release response to many neuroendocrine regulators of GH release in goldfîsh 

(Chapter 1, Section 1.4.2; [48]), the hypothesis that Ca2+ entry through LVSCCs 

médiates GRLN action on GH release in goldfîsh pituitary cells is tested here.

To this end, I examined GH release from primary cultures o f dispersed
2 +

goldfîsh pituitary cells in a column based perifusion system and changes in [Ca ], 

using fura-2, AM-based Ca2+-imaging experiments using morphologically 

identified, individual goldfîsh somatotropes in mixed pituitary cell culture. The 

involvement o f Ca2+ entry through LVSCCs was investigated using commercially 

available inhibitors or stimulators o f LVSCCs and nominally Ca2+-free media. 

gGRLN 19 was employed for ail studies, as it is an endogenous form found in the

A version of this chapter has been published: C.L. Grey, J.P. Chang, Differential 
involvement of PKC and PKA in ghrelin-induced growth hormone and gonadotropin 
release from goldfîsh (Carrassius auratus) pituitary cells. JNeuroendocrinol. 23 (2011) 
1273- 1287.
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goldfîsh [221], and it effectively stimulate GH release responses in the goldfîsh 

both in vivo and in vitro in previous experiments [322].

4. 2. Results

3.2.1. Acute GH responses to gGRLN ) 9

I employed a perifusion system to examine the acute GH sécrétion 

response from goldfîsh pituitary cells to 5-min challenges o f various doses of 

gGRLN 19 (0.01 to 10 nM, range is based on previous work using goldfîsh cells 

and gGRLNjg in static incubation experiments [322]). A sequential application 

protocol with challenge puises applied at 60 min intervais was used, allowing 

washout of treatment and recovery of cells, to evaluate if prior exposure to 

gGRLN^ affects the GH release response to subséquent challenges (Fig. 4.1). At 

the end of the testing protocol, a 5-min puise of a maximal stimulatory dose of 

sGnRH (100 nM) [39] was employed as a positive control to ensure the cell 

cultures were still viable and responsive following GRLN treatments.

Ail doses of gGRLNjg tested stimulated GH release. Repeated 

applications o f 4 puises o f 1 nM gGRLNi9 produced GH responses that were not 

significantly différent from one another (Fig. 4.1). Increases in GH release were 

seen in the 5-min fraction collected immediately after the application of 

gGRLN 19 . This delay can be totally accounted for by the dead volume o f the 

system, suggesting that the onset o f GH response is rapid. When puises o f 0.01, 

0.1, 1 and 10 nM gGRLNi9 were applied in a descending concentration sériés, the 

GH responses followed a dose-dependent relationship. In contrast, when the 

différent gGRLNi9  concentrations were applied in a sériés o f puises with 

increasing concentration, the GH response to 10 nM gGRLN 19 was the smallest
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and significantly différent from that elicited by 0.01 nM gGRLN 19, which was the 

largest (Fig. 4.1 A).

In ail experiments, cells responded well and consistently to the 100 nM 

sGnRH treatment applied at the end o f each o f the test sequences, indicating that 

the cells remained healthy and capable o f responding with increased GH sécrétion 

even at the end o f the testing protocol. Thus, the lack o f dose-response 

relationships, especially when gGRLNiç was applied in increasing concentrations, 

suggest that prior exposure to high concentrations of gGRLN 19 has adverse effects 

on subséquent responses to the same peptide. To avoid such possible 

complications, single gGRLNi9  exposures were used in ail subséquent 

experiments. Given that 1 nM gGRLN 19 produced consistent and repeatable 

responses, this dose was used in ail other experiments.

4.2.2. [C a2+]i changes in response to gGRLN 1 9  and sGnRH

As a first step in evaluating the possible participation of Ca2+ in the 

intracellular signalling cascade leading to induction o f GH release from goldfish 

pituitary cells by gGRLNi9 ,1 examined whether gGRLN 19 increased [Ca2+]j in 

identified somatotropes preloaded with the fura-2, AM Ca2+-imaging dye. 

Application o f a 2-min puise of 1 nM gGRLNi9 caused a significant élévation in 

[Ca2+]j (Fig. 4.2A), consistent with the hypothesis that gGRLNi9  utilizes Ca2+ 

signalling. The onset o f the increase in [Ca2+]j is relatively rapid, occurring often 

within ~30 sec from the time of gGRLN 19 application. Considering that the 

theoretical exchange time for the imaging chamber is at least 15-16 sec, this 

“latency” to onset o f response is minimal.

Since sGnRH was used as a positive control in experiments in Figure 4.1 

to argue that cells previously responding to gGRLN 19 were healthy and capable of 

releasing GH when challenged with another ligand, I needed to examine the 

possibility that the ability o f sGnRH to induce GH release in pituitary cell
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populations following treatment with GRLN was entirely due to the existence of 

subpopulations o f somatotropes each responding separately to sGnRH and 

gGRLN 19. To ascertain if the same cells can respond to both sGnRH and 

gGRLNig, the [C a2+]j response in individual somatotropes to sequential 2-min 

applications of sGnRH (1 0 0  nM) and gGRLN 19 (1 nM) was examined (Fig. 4.2B). 

Treatments with sGnRH and gGRLN 19 each produced significant changes in 

[C a2+]j. The [C a2+]j response to sGnRH appeared larger than that o f gGRLNi9 , 

however there is no significant différences between them. Ail cells tested in both 

protocols showed an acute response to a depolarizing 2-min 3 0  mM KC1 

treatment, indicating they were healthy and responsive following the exposure to 

sGnRH and/or gGRLNig. The results support the co-expression of receptors for 

both sGnRH and gGRLNig in at least some goldfish somatotropes.

4.2.3. Effects oflim iting the availability o f  extracellular Ca2+

■y .

To explore the source o f gGRLN 19-induced Ca signais, I first tested the

effects o f incubation with nominally Ca2+-free media on gGRLN 19-induced

changes in [Ca2+]j. Application o f nominally Ca2+-free media resulted in a

transient élévation in [C a 2+]j, which peaked at approximately 30-45 sec, and a

sustained lowering of [C a2+]j to about 75% of pretreatment levels by about 2 min

(Fig. 4.3). The re-introduction o f Ca2+-containing media also lead to a transient

rise in [C a2+]j which peaked at approximately 3 0  sec followed by a  retum to basai

[C a2+]j levels by 2 min. Application of a 2-min puise o f 1 nM g G R L N ig

generated a significant increase in [Ca2+], but a significant response was not
2 +

observed when gGRLNig was applied at 3.25 min into nominally Ca -free 

treatment (Fig. 4.3). Given that cell viability and responsiveness through much 

longer protocols had already been well established (Fig. 4.1 & 4.2), sGnRH 

Controls were no longer used in these and subséquent experiments.
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Next, I compared the gGRLN 19-induced GH release responses in the 

presence o f normal Ca2+-containing media or nominally Ca2+-free media using a 

perifusion protocol with fast fraction collections (Fig. 4.4). Treatment with 

nominally Ca -free media produced a rapid increase in basai GH sécrétion. As in 

previous experiments with 5-min fraction collection, treatment with a 1 nM 

gGRLNiç puise increased GH release in the presence o f normal Ca -containing 

media in a 1-min fraction collection protocol. In contrast, gGRLNiç applied
•y,

together with nominally Ca -free media did not produce a GH response greater 

than that observed with the nominally Ca2+-free media alone. Although these
1

results are suggestive o f a rôle o f extracellular Ca entry in gGRLN 19-induced 

GH release from goldfish pituitary cells, they are inconclusive because 

administration of the nominally Ca2+-free media resulted in a large amount of 

variance, as well as an increase in basai GH release.

4.2.4. Effects o f  the LVSCC agonist Bay K8644

 ̂1 ^
To further explore the rôle o f  extracellular Ca in gGRLN 19-induced GH 

release from goldfish pituitary cells, the LVSCC agonist Bay K8644 was used
1

[366], I hypothesized that if  gGRLNig utilized entry o f extracellular Ca through 

LVSCCs in its signal transduction cascade, then when these channels were 

already activated by a high dose o f a LVSCC agonist, an additional gGRLNig 

treatment would not resuit in a further response, as gGRLNig would be triggering 

the same channels. However, if  LVSCCs were not important in gGRLNig 

signalling, the responses to both Chemicals should be additive. I began by 

examining the effects o f Bay K8644 on [Ca2+]j in identified somatotropes and by 

comparing the [Ca2+], signais induced by gGRLNig alone or in conjunction with 

Bay K8644 treatment (Fig. 4.5). Consistent with the presence o f LVSCCs on 

goldfish somatotropes as revealed by previous patch-clamp studies [53] 

application of 10 pM Bay K8644 rapidly increased [Ca2+]j in identified goldfish
1

somatotropes. This response is characterized by a peak [Ca ]j response within



84

approximately 1 min followed by a sustained élévation of lower magnitude by 

approximately 2 min. Application of a 2-min puise o f 1 nM gGRLN ) 9 increased 

[C a2+]j when applied alone. However, when gGRLNig was applied 2.5 min into 

the Bay K8644 treatment, this combination treatment failed to produce a [C a 2+]j 

signal beyond what was observed with Bay K8644 alone. Négative responses, as 

depicted in the right panel o f Fig 4.6, are expected in this case given that base-line 

is subtracted to produce the cumulative net réponse values and base-line values 

here reflect the peak response magnitude o f the pre-exposure to a stimulator. The 

lack of additive changes in [C a2+]j observed in these experiments supports the
^ I

hypothesis that gGRLNig utilizes extracellular Ca entry through LVSCCs as
2+

part of its signalling cascade leading to changes in [Ca ]j.

To further explore this hypothesis, I also examined the GH release 

response to both gGRLNig and Bay K8644 challenges in perifusion experiments 

utilizing goldfish mixed pituitary cell populations (Fig. 4.6). Treatment with a 

40-min puise o f 10 pM Bay K8644 elicited a GH response consisting o f a rapid 

increase to a maximal élévation lasting for about 2 0  min and a prolonged 

sustained response o f lower magnitude afterwards. 1 nM gGRLNig increased GH 

release when applied alone as a 5-min puise. In contrast, when gGRLNig was 

applied 15-min into the Bay K8644 treatment, the response obtained with this 

combination treatment was not significantly différent from that observed with Bay 

K8644 alone over the same time period. These results further support the 

involvement o f extracellular Ca2+ and LVSCCs in gGRLN 19-induced GH release.

4.2.5. LVSCC inhibitors abolish gGRLN 1 9-induced GH release and [C a2+] t 

signais

Another approach to examine the rôle of LVSCCs in gGRLN 19-induced 

GH release was to employ the LVSCC inhibitors nifedipine and verapamil [243, 

314] in perifusion experiments with goldfish mixed pituitary cell cultures.
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Pretreatment o f 40 min with inhibitors was employed to allow the cells to re- 

establish a baseline level o f GH sécrétion following blockage o f LVSCCs prior to 

challenge with gGRLN 19. Treatment with 1 pM nifedipine reduced basai GH 

sécrétion with maximal sustained suppression reached by 15 to 2 0  min of 

treatment (Fig. 4.7A). Verapamil applied at 1 pM concentration likewise 

produced a graduai réduction in basai GH release (Fig. 4.7B). Application o f 5- 

min puises of 1 nM gGRLNig resulted in significant increases in GH release when 

applied alone; however, in the presence o f nifedipine (Fig. 4.7A) or verapamil 

(Fig. 4.7B), gGRLNig treatment failed to elicit a GH release response. These 

results further implicate LVSCCs as a key signalling component in gGRLNig- 

induced GH release.

Finally, the rôle o f LVSCCs in gGRLNig-induced changes in [Ca2+]j were 

examined in Ca2+-imaging studies. In these experiments, I employed a shorter 

pretreatment time of only 2 min with 1 pM nifedipine to reduce the possible 

effects that a long pretreatment with LVSCC inhibitor might have on the status of 

intracellular Ca2+ stores. Nifedipine did not significantly affect basai [Ca2+]j 

levels (Fig. 4.8). In the presence of nifedipine, a 2-min puise o f 1 nM gGRLNig 

failed to elicit a significant change in [Ca2+]„ suggesting that LVSCCs play s a rôle 

in the gGRLN 19 signalling pathway in goldfish somatotropes (Fig. 4.8) in contrast 

to the effects o f gGRLNig alone in previous experiments in the current thesis 

chapter (e.g., Fig. 4.2, 4.3 & 4.5). I also used a 2-min puise o f 30 mM KC1 to 

establish that cells were able to respond to depolarization with an increase in 

[Ca2+]j following washout o f the LVSCC inhibitor. In these experiments, the 

magnitude o f the KCl-induced [Ca2+]i response was similar to those in earlier 

experiments following stimulation by gGRLNig and/or sGnRH (Fig. 4.1).
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4.3. Discussion

Previous studies on goldfish have identified gGRLN mRNA in the brain 

and hypothalamus [321], suggesting that in addition to the peripheral source of 

gGRLN, gGRLN from hypothalamic origin may also directly regulate pituitary 

hormone sécrétion in goldfish. Previous in vitro and in vivo work has established 

a rôle for gGRLN as a GH sécrétion stimulator in this species [322]. The présent 

GH-release and Ca2+-imaging results not only confirm that gGRLN 19 is an 

effective stimulator o f GH release, but also suggest that gGRLN 19 exerts direct 

action on goldfish somatotropes. These observations, when taken together with 

the in vitro ability o f GRLN to increase GH release from tilapia pituitary cells 

[8 8 ], also suggests that GRLN is an important effector o f GH release in fish 

species in général. More importantly, the results from this thesis chapter provide 

the first insights into the mechanisms of action o f GRLN on GH release in fish, as 

well as information on other functional characteristics o f the receptor(s) for 

GRLN on somatotropes in goldfish.

Several lines o f evidence from my results in the présent thesis chapter 

point to the involvement o f extracellular Ca2+ entry through LVSCC in mediating 

gGRLNig stimulation o f GH release. First, gGRLNig elicited an increase in 

[Ca2+]j in goldfish somatotropes and this action was not seen when nominally 

Ca2+-free media was used as the testing media, suggesting that gGRLN 19 action
■jt

requires an adéquate supply of extracellular Ca . Second, when GH sécrétion 

was already elevated by a 10 pM concentration o f the dihydropyridine LVSCC 

agonist Bay K 8 6 4 4 , which also effectively increased [Ca ]j in single identified 

goldfish somatotropes, application o f gGRLNig failed to forther increase GH 

release, as well as [Ca ]j. Bay K 8 6 4 4  has been shown to increase the mean open 

times of LVSCCs in the 10 pM range, the dosage used inthe présent study [15, 

3 6 6 ], Third, two LVSCC inhibitors, nifedipine and verapamil, abolished the 

ability of gGRLNig to increase GH sécrétion. These two antagonists have been
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shown to inhibit LVSCC by différent mechanisms in the 1 pM range [243, 314].
^  i

Furthermore, gGRLN 19 failed to increase [Ca ]j in the presence of nifedipine and 

both verapamil and nifedipine reduced Ca2+ currents through LVSCCs in goldfish 

pituitary cells in previous studies [259]. The idea that extracellular Ca2+ 

availability and LVSCC participate in gGRLNig action in goldfish somatotropes 

is supported by findings from other pituitary and non-pituitary test models. 

Nifedipine treatment leads to a significant decrease in GRLN-induced GH release 

in dispersed rat pituitary cells [357] and porcine pituitary cells [202]. GRLN also 

up-regulates high-voltage activated LVSCCs in GH-secreting cells derived from a 

rat pituitary tumor cell-line, the GC somatotropes [74]. Furthermore, the
*y I

importance o f availability of extracellular Ca in GRLN action has been 

demonstrated in rat arcuate nucléus [168] and in HEK-293 cells transfected with 

GHS-R [32].

Although the GRLN-induced increase in [Ca ], appears to be entirely 

dépendent on extracellular Ca2+ entry in porcine pituitary cells [202], GRLN
'y 1

action in rat somatotropes additionally involves mobilization of C a  from T g - 

sensitive intracellular stores [357]. Despite the fact that a 2-min pre-treatment 

with nifedipine was adéquate to abolish the entire [C a  ]j response to g G R L N  1 9  

and that g G R L N ig  failed to further increase [C a 2+]j in cells pre-treated with Bay
'y 1

K8644,1 cannot entirely rule out the possibility that mobilization o f Ca from 

intracellular stores also participate in gGRLNig action on goldfish somatotropes.
•y ;

First, the présent imaging System gives an overall measurement of [Ca ]i across 

the cell and small régional increases may not be adéquate to produce a détectable
•y,

change in signal. Second, the filling status of intracellular Ca stores is tightly
y 1 y 1

tied to entry o f Ca through membrane Ca channels in goldfish pituitary cells 

[138]. Like the présent study, acute exposure to nominally Ca2+-free media 

elevates both GH [348] and LH [146] sécrétion from goldfish pituitary cells.

Such a paradoxical increase in hormone release has been interpreted as the resuit
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of release o f Ca2+ from intracellular stores in response to the disturbance o f Ca2+ 

homeostasis caused by the réduction of the availability of extracellular Ca2+ for 

entry through LVSCC and other plasma Ca2+ channels. This is consistent with the 

existence o f a transient élévation in [Ca2+], observed at the onset of the application 

of nominally Ca2+-free media. The importance and involvement of Tg-sensitive 

and -insensitive intracellular Ca stores in mediating the GH responses to GnRH, 

DA and PACAP have been demonstrated for goldfish (Chapter 1, Fig 1.7; [28, 58, 

143, 146]). Activation of mammalian and fish GRLN receptor Systems is also 

linked to PLC with the génération o f IP3, which mobilizes Ca2+ from intracellular 

stores (see Chapter 1, section 1.4.2). The possible involvement of intracellular 

Ca2+ stores in mediating gGRLN )9  action on GH release has yet to be examined in 

goldfish. Further studies utilizing SERCA inhibitors, such as Tg, and IP3 

receptor inhibitors, such as xestospongin C, will be essential in understanding the 

rôle of intracellular stores in GRLN-induced GH release from goldfish pituitary 

cells.

gGRLN 19 produced significant GH release responses from mixed goldfish 

pituitary cultures in the présent thesis chapter as in a previous report using static 

incubation and single dose perifusion protocols [322]. Interestingly, the response 

sizes to gGRLNi9 were related more to the positioning of a given treatment rather 

than the concentration of a given dose. The first test puises in a protocol often 

produced larger responses irrespective o f their concentration. These results 

suggest that receptor desensitization, trafficking, and/or other form o f down- 

regulation in the subséquent intracellular pathway rapidly occurs following GHSR 

activation in goldfish. As mentioned previously (Chapter 3), repeated treatment 

of GRLN or synthetic GHSs such as GHRP- 6  resulted in attenuated [Ca2+]j 

signais in HEK-293 cells transfected GHSR-la [26, 27] while transiently 

transfected GHS-Rs within HEK-293 cells have been shown to undergo a high 

level of constitutive and ligand-induced intemalization [123], resulting in very
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low number o f receptors being available following a ligand challenge. Further 

characterization o f the cloned goldfish GHS-Rs (see Chapter 3) will be needed 

before évaluation o f the différent means of receptor and post-receptor 

desensitization can proceed. Démonstration of GHS-R expression on goldfish 

somatotrope will also help to confirm that gGRLNig acts directly on goldfish 

somatotropes although the ability o f this hormone to rapidly elevate [Ca ]j in 

identified goldfish somatotropes and GH sécrétion in mixed pituitary cell 

population is supportive o f such a possibility.

Recently, it has been established that GnRH-induced LH sécrétion in rat 

pituitaries is potentiated by GRLN co-treatment [84]. Results in this thesis 

chapter provides evidence that identified somatotropes within goldfish mixed 

pituitary cultures are reactive to both sGnRH and gGRLNig, supporting the co- 

expression of both types o f receptors on single somatotropes. Interestingly, the 

[Ca2+]j increase induced by gGRLNig following prior exposure to sGnRH is, on 

average, 277% smaller than that induced by gGRLNig alone, suggesting that 

interactions between the Ca2+ signalling components o f two ligands exist. sGnRH 

has long been known to stimulate GH release from goldfish pituitaries via the 

PLC/IP3/PKC pathway and with the involvement of both extra- and intra-cellular 

Ca2+ stores [138, 143, 145]. With the démonstration o f the involvement o f 

extracellular Ca2+ entry through LVSCC in gGRLNig action in the présent study 

and the potential activation of the PLC/IP3/PKC in GRLN signalling in other 

Systems [170], investigation o f the interactions o f sGnRH and gGRLNig in the 

control o f GH release in goldfish will be needed in future studies. These studies 

should also include évaluation o f the mechanism(s) whereby gGRLN]g activâtes 

LVSCC. Given that LVSCC can be regulated by G-protein subunits, PKA, PKC, 

and phosphatidylinositol 3,4,5-trisphosphate [1,311], these should be possible 

targets in such investigations.
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The régulation o f GH release from the goldfish pituitary is under a 

complex, multi-factorial control network in which gGRLN plays a rôle. Results 

reported in this thesis chapter have provided clear evidence that gGRLN 19 can 

elicit significant GH-releasing activity in a repeatable and réversible manner from 

goldfish pituitary cells, and for the first time that the gGRLNig signalling pathway 

in somatotropes may be subject to rapid desensitization. Moreover, the ability of 

gGRLNi9  to induced GH release from goldfish pituitary cells is highly dépendent 

on the availability o f extracellular Ca2+ and the activity of LVSCCs. These results 

when taken together provide the basis for future studies into the signal 

transduction mechanisms o f gGRLNig in a physiological System of régulation of 

GH sécrétion.
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Fig 4.1. Multiple challenges o f  gGRLN)9, applied at intervais o f 1 h, induce GH release from 
dispersed goldfish pituitary cells in perifusion. Arrows indicate applications of 5-min challenges 
of various doses o f gGRLN ] 9  applied as increasing (A), decreasing (B), or repeated doses (C) in a 
column perifusion system. GH values were normalized as % pretreatment (pretreatment value = 
average values o f the first 5 fractions collected; 32.97 ± 1.37 ng/ml). The kinetic profiles of GH 
release are presented in the left panels and quantified net GH responses are presented on the right. 
Pooled data are presented as mean ± SEM (n= 8  from 4 separate experiments performed between 
Sept and Dec). Within each treatment sériés, responses that are not significantly différent from 
one another are denoted by same letters o f the alphabet.
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Fig 4.2. Both gGRLNig and sGnRH elicit changes in [Ca2+]j in the same individual, identified 
goldfish somatotropes within primary cultures o f  mixed pituitary cells. Cells were treated with 2- 
min puises o f either 1 nM gGRLNig alone (A) or with 100 nM sGnRH followed by 1 nM 
gGRLN i 9  (B), as indicated by arrows. A 2-min, 30 mM, KC1 puise was applied at the end o f  the 
treatment protocol to evaluate if the cells were still healthy and capable o f  responding to 
depolarization-induced increase in [Ca2+],. The kinetic profiles o f  [Ca2+]i change are presented in 
the left panels and quantified net responses are presented on the right. Calcium levels were 
normalized to the basai level (% pretreatment; average of the first 5 recorded values; 129.32 ± 
4.84 nM) before being pooled. Pooled data is presented as mean ± SEM (n=10 in each case from 
a total of 8  separate experiments over 3 cell préparations performed in May). Responses that are 
not significantly différent from one another are denoted by same letter o f  the alphabet.
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Fig 4.3. 1 nM gGRLN | 9  did not produce changes in [Ca2+]; levels during nominally Ca2+-free 
media treatment in individual identified goldfish somatotropes in primaiy cultures o f  mixed 
pituitary cells. Cells were pre-treated with nominally Ca2+-free media (solid horizontal bar) for 
3.25 min prior to a 2-min gGRLN 1 9  challenge (solid arrow). Following washout o f 10 min, a 2- 
min puise of 30 mM KC1 (open arrow) was used as a positive control to evaluate if cells remained 
healthy and responsive to depolarization-induced increases in [Ca2 +]j. The kinetic profiles of 
[Ca2+]j change are presented in the left panel and quantified net responses are presented on the 
right. Vertical dotted lines indicate the duration during which responses to gGRLN l9, Ca2 +-free, 
and gGRLN1 9  & Ca2+-free (left) or KC1 (right) treatments are quantified. Calcium levels were 
normalized to the basai level (% pretreatment; average of the first 5 recorded values; 128.06 ± 
10.65 nM) before being pooled. Pooled data is presented as mean ± SEM (n=10 from 9 separate 
experiments over 3 cell préparations performed in July).
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Fig 4.4. Effects o f nominally Ca2+-free media on gGRLN |9-induced GH release form goldfish 
pituitary cells in perifusion. Fractions were collected every minute for the first 30 min, then every 
5 min for 25 min. Exposure to nominally Ca2+-ffee media is indicated by the solid horizontal bar 
whereas the 5-min challenge o f  1 nM gGRLN i9  is denoted by the arrow. The kinetic profiles of 
G H release are presented in the left panel and the quantified net responses are presented on the 
right. The duration of net response quantification is indicated by the two dotted vertical fines. GH 
values were normaüzed as % pretreatment (pretreatment value = average values o f  the first 5 
fractions collected; 17.90 ± 3.01 ng/ml). Pooled data is presented as mean ± SEM (n= 8  from 4 
separate experiments performed in May).
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Fig 4.5. 1 nM gGRLNi9  and 10 pM of the LVSCC agonist Bay K8644 do not produce additive 
changes in [Ca2+]j levels in individual identified goldfish somatotropes in primary cultures of 
mixed pituitary cells. Cells were pre-treated with Bay K8644 (solid horizontal bar) for 2.5 min 
prior to a 2-min gGRLN ! 9  challenge (solid arrow). Following washout o f  10 min, a 2-min puise of 
30 mM KCI (open arrow) was used as a positive control to evaluate if  cells remained healthy and 
responsive to depolarization-induced increases in [Ca2+],. The kinetic profiles o f [Ca2+]j change 
are presented in the left panel and quantified net responses are presented on the right. The vertical 
dotted lines indicate the duration during which responses to gGRLN i9, Bay K8644, and Bay 
K8644 & gGRLNi9  (left) or KCI (right) treatments are quantified. Calcium levels were 
normalized to the basai level (% pretreatment; average o f the first 5 recorded values; 174.73 ± 
25.42 nM) before being pooled. Pooled data is presented as mean ± SEM (n=10 from 8  separate 
experiments over 3 cell préparations performed in July).
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Fig 4.6. Effects o f the LVSCC agonist Bay K8644 on gGRLN 19-induced GH release. Cells were 
pretreated with 10 pM Bay K8644 (solid horizontal bar) for 15 min prior to a 5-min, 1 nM, 
gGRLN | 9  challenge (arrow). The kinetic profiles o f GH release are presented in the left panel and 
the quantified net GH responses are presented on the right. The two vertical dotted lines indicate 
the duration through which responses to gGRLN 19, Bay K8644, and gGRLN ] 9  & Bay K8644 
treatments (left) were quantified. GH values were normalized as % pretreatment (pretreatment 
value = average values o f  the first 5 fractions collected; 14.13 ± 3.07 ng/ml). Pooled data is 
presented as mean ± SEM (n= 8  from 4 separate experiments performed in March).
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Fig 4.7. LVSCC inhibitors nifedipine (NIF; A) and verapamil (VERAP; B) eliminate gGRLN|9- 
induced GH release from goldfish pituitary cells in perifusion. Cells were pre-treated for 40 min 
with 1 pM VERAP or NIF (solid horizontal bars) prior to a 5-min treatment with 1 nM gGRLN1 9  

(arrow). The kinetic profiles o f  the GH responses are shown in the left panels and the quantified 
net responses are presented in the right panels. The duration o f net response quantification is 
indicated by the two dotted vertical lines. GH values were normalized as % pretreatment 
(pretreatment value = average values o f the first 5 fractions collected; 26.61 ± 1.86 ng/ml).
Pooled data presented as mean ± SEM (n=16 (gGRLN 19) or n= 8  (other treatments), from 5 
separate experiments performed between Dec and April).
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Fig 4.8. The LVSCC inhibitor nifedipine (NIF) inhibits gGRLN 1 9 -induced changes in [Ca2+]j in 
individual identified goldfish somatotropes in primary cultures o f  mixed pituitary cell. Cells were 
pre-treated with 1 pM nifedipine (solid horizontal bar) for 2 min prior to a 2-min, 1 nM, gGRLN ) 9  

challenge (arrow). Following washout o f 10 min, a 2-min, 30 mM, KCI treatment (open arrow) 
was used as a positive control to evaluate if cells remained healthy and responsive to 
depolarization-induced increases in [Ca2+],. The kinetic profiles o f  [Ca2+], change are presented in 
the left panel and quantified net responses are presented on the right. Vertical dotted lines indicate 
the duration o f response quantification. Calcium levels were normalized to the basai level (% 
pretreatment; average o f  the first 5 recorded values; 125.29 ± 16.92 nM) before being pooled. 
Pooled data is presented as mean ± SEM (n=10 from 9 separate experiments over 3 cell 
préparations performed in August).
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Chapter 5 -  Differential involvement of PKC and PKA in gGRLNig-induced 

GH and LH release from goldfish pituitary cells

5.1. Introduction

As indicated in Chapter 1, GRLN régulâtes growth and reproduction by its 

effects on pituitary GH and LH release. In mammals, the consensus is that GRLN 

actions on somatotropes involve PLC/PKC/Ca2+, and although controversial, the 

participation o f AC/cAMP/PKA signalling has also been shown (Chapter 1, 

Section 1.3.2; [169, 271]). GRLN’s ability to directly induce LH release is also 

contentious in mammals and not much is known regarding GRLN’s signal 

transduction mechanisms in mammalian gonadotropes (Chapter 1, Sections

1.3.1.1 & 1.3.2; [171, 172, 230]).

In teleosts, GRLN action in GH and LH sécrétion is not well understood 

but gGRLN 19-induces GH and LH release from goldfish in vivo, as well as from 

primary cultures o f goldfish pituitary cells in vitro (Chapter 1, Section 1.3.1.2; 

[110, 115, 322]). In Chapters 3 & 4 ,1 have shown that these gGRLN 19 actions are 

dépendent on extracellular Ca entry through LVSCCs [110, 115], however, 

whether PKC and/or PKA signalling are also involved is unknown. Despite the 

shared involvement of LVSCCs, the GHS-R antagonist D-Lys3-GHRP- 6  inhibits 

gGRLN 19-elicited LH, but not GH, release [322], and the profiles for gGRLNjg- 

induced Ca2+ signais are dissimilar in goldfish somatotropes and gonadotropes, 

with increases in [Ca ], in response to gGRLN 19 treatment oceurring more 

rapidly in gonadotropes than in somatotropes (Chapters 3 & 4; [110, 115]). 

Whether these observations represent significant différences between cell types in 

is currently unknown, but these results suggest that gGRLNig utilizes non-

A version of this chapter has been published; C.L. Grey, J.P. Chang, Differential 
involvement of PKC and PKA in ghrelin-induced growth hormone and gonadotropin 
release from goldfish (Carrassius auratus) pituitary cells. JNeuroendocrinol. 23 (2011) 
1273 -  1287.
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identical intracellular signalling compléments in enhancing hormone release from 

goldfish gonadotropes and somatotropes.

In goldfish pituitary cells, PKA and PKC are two key mechanisms in the 

GH and LH release responses to various stimulators and inhibitors, and the 

differential use o f these two signalling pathways is an important element in the 

sélective régulation of LH and GH sécrétion by neuroendocrine regulators in 

goldfish (Chapter 1, Sections 1.4.2 & 1.5.2). In this thesis chapter, I tested the 

hypothesis that PKA and PKC differentially participate in the signalling of 

gGRLNig on hormone release from goldfish gonadotropes and somatotropes by 

examining the effects of stimulators and inhibitors o f PKC and PKA on GH and 

LH release responses from goldfish pituitary cells to gGRLNig in column 

perifusion experiments. To gain insight into the relationships between PKC and 

PKA activation and the Ca2+ signal evoked by gGRLNig leading to hormone 

release, I monitored [Ca2+]i in identified somatotropes and gonadotropes with 

fura-2, AM Ca2+-imaging in parallel experiments.

5.2. Results

5,2.1. Effects o f  PKC inhibitors, B is-ll and Gô 6976 on gGRLN 1 9-induced 

hormone release and changes in [C a2^],

Previous immunochemical studies have shown that conventional, novel 

and atypical PKC isoforms are expressed in the goldfish pituitary and that 

conventional PKCs are présent in goldfish somatotropes [135, 165]. Thus, to 

investigate the rôle o f PKC in gGRLN 19-induced GH and LH release we first 

examined the effects o f two PKC inhibitors, the PKCa and PKCP isoforms- 

selective Gô 6976 [205] and the général PKC inhibitor Bis-II [312] in column 

perifusion assays. At a dose o f 100 nM, both o f these inhibitors have been shown
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to abolish the [Ca ]j responses to the PKC agonist DiC8  in goldfish pituitary 

cells [362]. Application o f a 5-min puise of 1 nM gGRLNig, increased GH and 

LH sécrétion in the présent study to levels comparable with previously reported 

results (Fig. 5.1; Chapters 3 & 4; [110, 115]). Treatment with either 100 nM Go 

6976 or Bis-II alone did not significantly alter basai sécrétion o f  GH and LH (Fig.

5.1 A and C) and in the presence of these inhibitors, gGRLN 19 did not produce 

hormone responses that were différent from those to PKC inhibitors alone (Fig. 

5.1). These results implicated a critical rôle for PKC in gGRLN 19-induced GH and 

LH release.

To gain an insight into the relationship between PKC and the gGRLN 1 9 -  

induced Ca2+ signal important for stimulated GH and LH release [110,115], I 

examined the effects of the two PKC inhibitors (100 nM) on [Ca2+]j responses to 

2-min applications of 1 nM gGRLNig. For clarity, only [Ca2+]j traces for Gô 

6976 and corresponding treatments are shown in the main panels while Bis-II 

traces are shown in the inset (Fig. 5.2A and C). In addition, the 30 mM 

depolarizing puise o f KCI (used as a positive control as in previous protocols in 

Chapters 3 & 4) is also not depicted in the interest o f clarity. In both 

gonadotropes and somatotropes, a 2-min puise of gGRLN 19 was able to 

significantly induce a change in [Ca2+]j levels. Gô 6976 treatment alone, but not 

Bis-II alone, lead to a transient rise in [Ca2+]i levels in both GH and LH cell types 

but [Ca2+]i retumed to near pretreatment levels before gGRLN 19 was administered 

(Fig. 2A and C). In the presence o f either Gô 6976 or Bis-II, the [Ca2+]j 

responses to gGRLNig were reduced relative to those elicited by gGRLNi9  alone 

(Fig. 5.2 B and D). These observations suggest that PKC is involved in gGRLNig 

Ca2+ signalling in both GH and LH cell types in the goldfish pituitary.
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5.2.2. gGRLNig and the PKC agonist DiC8 do not induce additive responses o f  

GH and LH release and [C a2+]j increases.

As a further évaluation of the possible involvement o f PKC in gGRLN 19 

actions on goldfish somatotropes and gonadotropes, I examined the effects of 

combined treatments o f gGRLNig and a synthetic PKC activator, DiC8 . The 

rationale is that if  PKC is not a central element in gGRLNig signalling leading to 

increased hormone release and changes in [Ca2+], in goldfish somatotropes and 

gonadotropes, gGRLN 19 should still be able to induced unattenuated hormone 

release responses even when the PKC pathway is fully activated by a maximally 

stimulatory dose o f a synthetic PKC agonist.

Working under the assumption that administration of a maximally 

stimulating dose of 100 pM DiC8  [44, 137] will fully saturate the PKC pathway, I 

compared the hormone responses to a 35-min treatment with 100 pM DiC8  alone, 

a 5-min puise of 1 nM gGRLNig alone and the combined treatment o f 35 min 100 

pM DiC8  applied 10 min prior to a 5-min puise o f gGRLNjg (Fig. 5.3). As in 

previous experiments, gGRLNjg was able to induce significant GH and LH 

release from the goldfish pituitary cells by itself, and the responses to combined 

treatment o f gGRLNjg and DiC8  were not significantly différent from those to 

DiC8  alone (Fig. 5.3). Similarly, although application o f a 2-min puise o f 1 nM 

gGRLNjg alone significantly elevated [Ca2+], in goldfish somatotropes and 

gonadotropes, the responses to gGRLNjg applied 2.5 min into a 10-min 

continuous treatment with 100 pM DiC8  were not significantly différent from 

those to DiC8  alone in both cell types (Fig. 5.4). These results are consistent with 

the hypothesis that cellular responses to gGRLN 19 in both GH and LH cells in the 

goldfish pituitary are PKC dépendent.



103

5.2.3. PKA inhibitors H-89 and KT 5720 inhibit gGRLN1 9-induced responses in 

LH, but not GH, cells.

As a first step in examining the rôle of PKA in gGRLNi9 -induced 

hormone release from the goldfish pituitary, dispersed pituitary cells in primary 

culture were exposed to gGRLN 19 alone, or gGRLNig during treatment with a 

PKA inhibitor, H-89 or KT 5720. 10 pM H89 has been shown previously to be 

maximally effective against cAMP-induced GH and LH release from goldfish 

pituitary cells but does not interfère with PKC agonist-stimulated hormone 

sécrétion [137, 347] and KT 5720 is reported to be spécifie for PKA in the nM 

range and does not affect PKC even at pM doses [157]. 10 pM H-89, but not 100 

nM KT 5720, induced a transient rise in GH and LH release from goldfish 

pituitary cells (Fig. 5.5A and C). This rise, however, quickly subsided and a new 

equilibrium was reached within 25 min for GH and 35 min for LH (Fig. 5.5). As 

in previous experiments, 1 nM gGRLN 19 alone induced significant increases in 

both GH and LH release (Fig. 5.5). On the other hand, when administered 45 min 

following commencement of treatment with either PKA inhibitor, the LH 

responses to gGRLNi9  were significantly attenuated to levels not différent from 

those of the PKA inhibitors alone; however, the GH responses to gGRLN ]9  were 

not significantly différent from those to gGRLNi9 alone (Fig. 5.5B and D).

Similar to work with P K C  inhibitors, I further explored gGRLN 19-induced 

changes in [C a2+]j in G H  and L H  cells with P K A  inhibitors in füra-2, A M  imaging 

studies. Treatment with 1 nM gGRLNi9 alone elevated [C a 2+]i in both G H  and 

L H  cell types (Fig. 5 .6 ). Treatments with either one o f the two P K A  inhibitors 

alone did not lead to large changes in basai [C a 2+]j in either G H  or L H  cell types. 

In somatotropes, the gGRLNi9-induced [C a 2+]j was slightly delayed in terms of 

the time o f onset in the presence o f P K A  inhibitors; however, the quantified total 

responses in the presence o f inhibitors were not significantly différent from values 

in the absence of the inhibitors but these were significantly greater than
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corresponding values of inhibitors alone (Fig. 5.6A and B). In gonadotropes, the 

[Ca ]j responses to gGRLN 1 9  in the presence o f PKA inhibitors were 

significantly lower than those to gGRLNig alone but not différent from levels in 

the PKA inhibitors alone groups (Fig. 5.6C and D). These results support the 

hypothesis that PKA may have differential rôles in gGRLN 19 signalling in 

goldfish gonadotropes and somatotropes.

5.2.4, An AC activator, forskolin, affects gGRLN 1 9-induced hormone release and 

[Ca2+]j responses in a cell-type spécifie manner

To further explore the differential rôle o f PKA in gGRLN 19-induced GH 

and LH cell responses, the interactions between the AC activator forskolin and 

gGRLNig were examined in hormone release studies. Forskolin was used at a 

concentration of 10 pM, a concentration that has previously been shown to 

maximally stimulate PKA-dependent hormone release in goldfish pituitary cells, 

as well as to increase cAMP production [55, 347]. As expected, application of 

either 1 nM gGRLNi9 alone or 10 pM forskolin alone induced significant 

increases in both GH and LH levels (Fig. 5.7). The net GH responses to 

gGRLNig in the presence o f forskolin (applied commencing 10 min prior to 

gGRLNig) were significantly greater than those to gGRLNig alone and to 

forskolin alone quantified over the same duration (Fig. 5.7B). The quantified GH 

response to the combined gGRLNig and forskolin treatment was approximately 

double that o f the estimated sum o f the responses to either stimulator alone. In 

contrast, combination treatments o f gGRLNig and forskolin did not elicit LH 

responses that were significantly différent in magnitude from those induced by 

either gGRLNig or forskolin alone (Fig. 5.7D), indicating that LH responses to 

gGRLNig and forskolin were not additive (Fig. 5.7B and D).

In an attempt to further understand the rôle of PKA in gGRLNjg signalling 

in goldfish gonadotropes and somatotropes, I examined gGRLNig’s ability to
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further augment changes in [C a 2+]j levels when treated in combination with 

forskolin. Treatments o f either g G R L N ig  or forskolin alone resulted in significant
7 +increases in [Ca ]j in both somatotropes and gonadotropes when compared to

74-basai [Ca ], levels, and forskolin elicited a slower but longer-lasting increase in
7*b[Ca ]j relative to gGRLNig in both cell types (Fig. 5.8). Interestingly, the

^ i
somatotrope and gonadotrope [Ca ]j responses to gGRLN ig in the presence of 

forskolin were not significantly différent from those that can be accounted for by 

forskolin alone or gGRLNig alone over the same time period (Fig. 5.8B and D). 

These results are not at variance with the hypothesis that PKA plays différent 

rôles in gonadotrophs and somatotrophs in terms of gGRLNjg action.

5.3. Discussion

This thesis chapter sets out to explore the rôle o f  PKC and PKA in
7-PgGRLN ig-induced GH and LH release and their corresponding intracellular Ca 

signais, as induced by gGRLNig in goldfish pituitary somatotropes and 

gonadotropes.

5.3.1. PKC involvement in G H  and LH cells

Two lines o f evidence reveal that gGRLN ig-induced GH and LH release 

and increases in [Ca2+]j in somatotropes are PKC dépendent. First, in the 

presence o f either a général PKC inhibitor, Bis-II, or a PKCa and PKCp isoform- 

selective inhibitor, Gô 6976, gGRLNig was neither able to significantly stimulate 

GH and LH release nor increase [Ca2+]i in somatotropes and gonadotropes. 

Second, gGRLNig failed to further stimulate GH and LH release and elevate 

[Ca2+]j in both cell-types when the PKC pathway was already maximally 

stimulated by DiC8 . Consistent with the proposed involvement of PKC in 

gGRLNig actions on goldfish somatotropes and gonadotropes, teleost GHS-Rs
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expressed in mammalian cell lines have been shown to be linked to 

PLC/PKC/Ca2+ signalling [33] and the involvement o f PKC in mediating GRLN 

action on GH sécrétion in mammals is well demonstrated [60, 162, 170, 202]. 

Nonetheless, this is the first time that PKC involvement in GRLN stimulation of 

GH release has been shown for any teleost species, as well as in LH release in 

vertebrates.

*)+Results in Chapters 3 and 4 have shown that extracellular Ca entry 

through LVSCCs is a major component in gGRLNjç stimulation of GH and LH 

release and the accompanying élévations in [Ca2+], in goldfish pituitary cells. 

Whether PKC affects LVSCC currents in goldfish somatotropes and gonadotropes 

has not been directly investigated, but PKC is known to enhance LVSCC 

fonctions in mixed pituitary cell cultures [53, 135, 137, 347]. Furthermore in 

goldfish, LVSCC inhibitors decrease PKC agonists-induced GH and LH release 

[137, 347] and [Ca2+]j changes in somatotropes [362], When viewed together 

with these previous findings, results in this thesis chapter indicate that PKC plays 

a rôle in the gGRLNi9-elicited increases in [Ca ] j  in goldfish somatotropes and 

gonadotropes via actions on LVSCC.

The exact PKC isoform involved in gGRLNiç actions on GH and LH 

release is not known but is likely to include member(s) o f the conventional PKC 

forms. The PKCa- and/or PKCP-selective inhibitor Gô 6976 inhibits gGRLNi9 ’s 

hormone-releasing action and corresponding changes in [Ca2+]j at the level o f the 

goldfish pituitary cells. In addition, immunoreactivity for conventional PKCa has 

been detected in goldfish pituitary cells [165], and down régulation of 

conventional PKCs is associated with an atténuation of the LH response to GnRH 

[136],
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5.3,2. PKA involvement in GH and LH cells

Results indicate that PKA is also a critical signalling component in 

gGRLNi9 -induced LH release and changes in [C a 2+]j in gonadotropes. This is 

supported by the observed inability of gGRLN ]9  to induce significant increases in 

LH release and élévations in [C a  ]j in gonadotropes in the presence o f either H- 

89 or KT 5720, as well as the failure of gGRLNiç to further induce LH release
•y,

and [Ca ]j increase when the P K A  pathway was already stimulated by the A C  

activator, forskolin. These results also place P K A  upstream o f the increases in
y I

[Ca ]* induced by gGRLN ]9  actions in gonadotropes which is known to involve 

LVSCC (Chapter 4; [110, 115]). Although results from the présent thesis chapter 

do not directly examine whether gGRLNi9/PKA-induced [Ca ], in gonadotropes
I

is caused by increased Ca entry through LVSCC, this hypothesis is likely since 

cAMP increases the magnitude of LVSCC currents in goldfish gonadotropes in 

previous studies [47]. The involvement of cAMP/PKA in gGRLNj9 signalling 

leading to LH release is interesting as this pathway is not well-established in 

GRLN actions in mammalian pituitary cells [60, 170]. The current work thus 

supports a rôle for PKA in GRLN action, as shown in previous findings in baboon 

[162], and porcine [2 0 2 ], primary pituitary cell cultures; my results, however, 

only implicate PKA as a potentiator of gGRLNi9 action on GH release while 

presenting novel evidence that PKA is critical to gGRLNi9-induced LH release.

In this regard, it would be of interest to evaluate the ability o f gGRLN ]9  to 

increase cAMP production in goldfish pituitary gonadotropes in future studies.

In contrast to the situation with LH release, neither the GH nor the [C a 2+]j 

responses to gGRLNi9 in goldfish somatotropes were signiflcantly reduced by the 

P K A  inhibitors H-89 and K T  5720, suggesting the non-involvement o f P K A  in 

gGRLN i9 actions on GH release in goldfish. This idea that P K A  is not a 

necessary component in gGRLN i9-induced GH release is also supported by the 

finding that gGRLN i9  can further increase GH release in the presence o f the A C
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activator forskolin. Previously results have demonstrated that PKA- and PKC- 

stimulated GH release are at least additive in 2-h static incubation studies [347] 

and this is not at variance with the current findings that gGRLN 19 stimulation of 

GH release requires PKC but not PKA. Interestingly, the GH response to 

combined forskolin and gGRLN 19 treatment is at least twice that of the sum of the 

responses to either stimulator alone, suggesting that the cAMP/PKA signalling 

pathway may interact with, and potentiate, gGRLN 19 (PKC) actions in ternis o f 

GH release. However, this enhanced GH release to the combination treatment 

with forskolin and gGRLN 19 is only accompanied by a [Ca2+]j change that is of 

the same magnitude as that to either forskolin or gGRLN 19 alone. Why the 

gGRLN 19-induced [Ca2+]j increases are not additive to that elicited by forskolin is 

not known but the paradoxical observations with the combined treatment with 

forskolin and gGRLN 19 indicate that the potentiating effects o f  forskolin/PKA are 

occurring independently and/or downstream of [Ca2+]i increases. Synergistic 

interactions between PKA and PKC signalling in hormone release are not without 

precedence. GRLN (PKC/Ca2+) similarly potentiates GHRH (PKA/Ca2+)-induced 

GH release in cows [310] and humans [119]. In HeLa-T4 cells expressing GHS- 

Rs and GHRH-Rs, stimulation of these two receptors also produced synergistic 

effects [70]. Likewise, exposure to PKC agonists DiC8  and tetradecanoyl 14p- 

phorbol acetate can enhance the LH and GH release response to forskolin, 

respectively, in goldfish pituitary cells [53, 137]. Downstream targets for the PKA 

pathway to potentiate gGRLN 19-induced GH release are likely related to increases 

in the number o f primed GH-containing vesicles making up the readily releasable 

or immediately releasable pool [2 ] and/or an increase in the efficiency o f the 

vesicle trafficking and docking via régulation o f the various proteins involved in 

these processes [29, 130]. Although vesicle trafficking in neuroendocrine cells is 

not fully understood, possible targets for the PKA pathway, as induced by 

gGRLNig, might include Rab-, ARF-, or Rho-GTPases, SNARE proteins, or other 

proteins critical to GH release from vesicles in somatotropes [100, 130]. Indeed,
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it would be interesting to examine changes in trafficking proteins in response to 

gGRLNig treatment in future studies.

5.3.3. Differential signalling in gGRLNig actions on G H  and LH cells and  

multiplicity o f  signalling cascades

The above fmdings clearly indicate that gGRLN 19 utilizes multiple 

signalling pathways in stimulating hormone release in goldfish pituitary cells in a 

cell-type spécifie manner, namely PKC/Ca2+ in both LH and GH cells, and 

PKA/Ca2+ in LH cells. Comparing the time course o f [Ca2+]j increases induced by 

gGRLNi9 between the two cell-types also revealed that the gGRLN 19-elicited 

Ca signal in gonadotropes increased more rapidly and peaked approximately 1 

min earlier than that in somatotropes (Fig 5.2 A&C). How these différences are 

manifested is not clear but differential activation o f receptor types and or receptor 

isoforms may be involved.

mRNAs encoding for four gGHS-R isoforms are présent in the goldfish 

pituitary, and mRNA for gGHS-Rla, type 1 and gGHS-Rla, type 2 prédominâtes 

in this tissue [151]. However the identity o f gGHS-R type(s) présent in goldfish 

somatotropes and gonadotropes remains to be determined. Nevertheless, given 

that 1) gGHS-Rla mRNAs are prédominant in goldfish pituitary [115, 151]; 2) 

proteins immunoreactive to antibody against mammalian GHS-Rla are detected 

in goldfish pituitary extracts in preliminary Western blotting studies (CL Grey 

and JP Chang, unpublished; Appendix 1); 3) both gGHS-Rla, type 1 and gGHS- 

R la, type 2 receptor isoforms are linked to increases in [Ca2+]i in transfection- 

expression studies in HEK cells [151]; 4) gGRLNig stimulation of LH and GH 

release involves Ca2+ entry through LVSCC (Chapters 3 & 4; [110, 115]); and 5) 

Ca2+ signais are rapidly elicited by gGRLNig, and essentially instantaneously in 

both somatotropes and gonadotropes, in this thesis chapter and in Chapters 3 and 

4 ([110, 115]), gGRLNig likely activâtes gGHS-Rs of the la  lineage on LH and
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GH cells to exert its effect in goldfish. Further experiments, however, would be 

required to thoroughly test this hypothesis. Whether gGHS-Rs of the 1 a lineage 

are linked to différent intracellular signalling cascades and/or are differentially 

expressed on goldfish somatotropes and gonadotropes also needs clarification. In 

addition, work on HIT-T15 P-cells showed that both PKC and PKA pathways 

were involved in GRLN-induced cytoprotective effects, however these cells 

expressed GRLN, but not the GHS-R [106], suggesting that GRLN may target 

receptor types other than GHS-R. Results from the literature also suggest that the 

GHS-R may heterodimerize with other receptors, such as the DA receptor or 

GHRH-R (Chapter 1, Section 1.2.3; [134, 162]), providing another possibility for 

differential signalling in GH and LH cell types.

That gGRLNig stimulation o f pituitary hormone release in goldfish, and 

even the release o f a single hormone type (LH), involves not just one, but at least 

two, signalling cascade pathways may be unexpected but not without precedent in 

neuroendocrine factor actions. Such examples include 1) GHRH and GHRP-2 

actions on membrane ion currents in ovine and human somatotropes [60], 2 ) 

GnRH receptor signal transduction coupling to multiple signalling cascades in rat 

and mouse cell fines [63], and 3) PACAP stimulation o f somatolactin from 

cultured goldfish pituitary cells [7]. As described in Chapter 1, Section 1.3.2, 

GRLN also utilizes NO signalling to stimulate GH release in mammals. Whether 

NO signalling similarly participâtes in gGRLN 19 effects on goldfish LH and GH 

release remains to be examined; however, the involvement of NO in 

neuroendocrine stimulation o f GH release in the goldfish pituitary cell model has 

been demonstrated [217, 324, 325].

Results from this thesis chapter also add support for the multiplicity of 

signalling cascades mediating the ligand- and cell-type-specific control o f LH and 

GH release in goldfish by direct actions of neuroendocrine regulators, as has 

previously been shown for the two endogenous goldfish GnRH forms (sGnRH
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and cGnRH-II), PACAP and DA (Chapter 1, Sections 1.4.2 & 1.5.2; [45]). My 

work now adds gGRLN 19 as an activator of the PKC, PKA and LVSCC/Ca2+ 

signalling cascades in LH, and PKC and LVSCC/Ca2+ in GH, cell-types. Given 

the ability o f forskolin (PKA) to enhance gGRLNig (PKC) effects on GH release, 

such multiplicity o f second messenger Systems not only forms the basis for the 

ligand-specific control o f pituitary hormone release by neuroendocrine regulators, 

but also allows for the possible synergistic interactions of hormone-releasing 

actions of select stimulatory neuroendocrine factors. It would be o f interest to 

investigate the interactions o f gGRLN 19 with différent known neuroendocrine 

regulators o f GH and LH release in the goldfish pituitary cell system in future 

studies.

5.3.4. Summary

Taken as a whole, results from this thesis chapter add to the overall 

understanding of GRLN and its activity at the cellular level by elucidating the 

signalling pathways utilized in gGRLN 19-induced GH and LH release from 

goldfish pituitary cells. Findings from this chapter suggest that gGRLN 1 9-induced 

GH and LH release in goldfish pituitary cells are PKC-dépendent, while 

gGRLN 19-induced LH release is also PKA dépendent. Furthermore, current 

results suggest that the PKA pathway acts in goldfish somatotropes to potentiate 

gGRLN 19-induced GH release downstream and/or independent of increases in 

[C a2+]j. To further understand the complex rôle GRLN plays in animal 

physiology in général, and in pituitary cell signalling in particular, it would be 

important to look at the rôle of other signalling cascades and the GHS-R isoforms 

involved in GRLN actions in différent pituitary cell types, as well as GRLN’s 

interactions with other known neuroendocrine regulators in future studies.
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Fig. 5.1. Two PKC inhibitors, 100 nM Bis-ll and 100 nM Gô 6976, inhibit 1 nM gGRLNi9- 
induced hormone sécrétion from dispersed goldfish pituitary cells in column perifiision. 
Following a 45 min pretreatment with the PKC inhibitors (black bar), cells were challenged 
with a 5-min puise o f gGRLN ) 9  (arrow), followed by a 35 min washout with inhibitor alone. 
GH (A) and LH (C) values in hormone release traces were normalized to pretreatment 
averages (average o f  first 5 fractions; 57.0 ± 3.8 ng/ml and 3.9 ± 0.2 ng/ml, for GH and LH, 
respectively). Quantified net responses (area between vertical dotted lines) for gGRLN i9  

alone, inhibitor alone, or combination treatments were summarised for statistical comparison 
(B and D). Data are presented as mean ± SEM (n= 8  from 4 separate experiments performed 
between May and June). Treatment values statistically différent from each other have 
différent letters o f  the alphabet.
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Fig. 5.2. Two PKC inhibitors, 100 nM Bis-II and 100 nM GO 6976, inhibits 1 nM gGRLN 1 9 - 
induced increases in [Ca2+]j in individually identified goldfish somatotropes and 
gonadotropes loaded with fura-2, AM. Following a 2.5 min pretreatment with the PKC 
inhibitors (black bar), cells were challenged with a 2-min puise o f gGRLN1 9  (arrow), followed 
by a 5.5 min washout with inhibitor alone. Ca2+ response traces for somatotropes (A) and 
gonadotropes (C) were normalized to pretreatment averages (average o f first 5 fractions:
151.3 ± 13.4 nM and 132.0 ± 18.1 nM for somatotropes and gonadotropes, respectively). 
Quantified net [Ca2+]j responses (area between vertical dotted lines) for gGRLN 1 9  alone, 
inhibitor alone, or combination treatments were summarised for statistical comparison (B and 
D). Data are presented as mean ± SEM (Bis-ll, n=9 from 5 separate experiments performed 
in January; Go 6976, n=10 from 6  separate experiments performed in August). Treatment 
values statistically différent from each other have différent letters o f  the alphabet.
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Fig. 5.3. 1 nM gGRLN 1 9  fails to further stimulate hormone release when pituitary cells are pre- 
treated with the PKC agonist DiC8  (100 pM). Following a 10 min pretreatment with the PKC 
agonist DiC8  (black bar), cells in column perifusion were challenged with a 5-min puise of  
gGRLN ) 9  (arrow), followed by a 20 min washout with DiC8 . GH (A) and LH (C) hormone 
release traces were normalized to pretreatment average (average o f  first 5 fractions: 8.3 ± 0.7 
ng/ml and 2.8 ± 0.2 ng/ml, for GH and LH, respectively). Quantified net responses (area 
between vertical dotted lines) for gGRLN i9  alone, DiC8  alone, or combination treatments 
were summarised for statistical comparison (B and D). Data are presented as mean ± SEM 
(n= 8  from 4 separate experiments performed between April and May). Treatment values 
statistically différent from each other have différent letters o f the alphabet.
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Fig. 5.4. 1 nM gGRLN ! 9  fails to further stimulate changes in [Ca2+]; when pituitary cells are pre- 

treated with the PKC agonist DiC8  (100 pM). Following a 2.5 min pretreatment with the 
PKC agonist DiC 8  (black bar), cells loaded with fura-2, AM on poly-l-lysine coverslips were 
challenged with a 2-min puise o f gGRLNi9  (arrow), followed by a 5.5 min washout with 
DiC8 . Ca2+ response traces in somatotropes (A) and gonadotropes (C) were normalized to 
pretreatment averages (average o f first 5 fractions: 124.0 ± 9.1 nM and 168.7 ± 23.2 nM, for 
somatotropes and gonadotropes, respectively). Quantified net responses (area between 
vertical dotted lines) for gGRLN1 9  alone, DiC 8  alone, or combination treatments were 
summarised for statistical comparison (B and D). Data are presented as mean ± SEM (n=10 
for each treatment performed between January and February using 3 separate cell 
préparations). Treatment values statistically différent from each other have différent letters of 
the alphabet.
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Fig. 5.5. Two PKA inhibitors, 10 pM H-89 and 100 nM KT 5720, abolish 1 nM gGRLN(9- 
induced LH, but not GH, sécrétion from dispersed goldfish pituitary cells in column 
perifusion. Following a 45 min pretreatment with the PKA inhibitors (black bar), cells were 
challenged with a 5-min puise of gGRLN i9  (arrow), followed by a 45 min washout with 
inhibitor alone. GH (A) and LH (C) release traces were normalized to pretreatment averages 
(average o f first 5 fractions: 15.9 ± 1.5 ng/ml and 4.0 ±  0.1 ng/ml for GH and LH, 
respectively). Quantified net responses (area between vertical dotted lines) for gGRLN ) 9  

alone, inhibitor alone, or combination treatments were summarised for statistical comparison 
(B and D). Data are presented as mean ± SEM (n= 8  from 4 separate experiments performed 
between January and Februaiy). Treatment values statistically différent from each other have 
différent letters o f  the alphabet.
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Fig. 5.6. Two PKA inhibitors, 10 pM H-89 and 100 nM KT 5726, abolish 1 nM gGRLN]9-
induced increases in [Ca2+]j in individually identified goldfish pituitary cells loaded with fura- 
2, AM. Following a 2.5 min pretreatment with the PKA inhibitors (black bar), cells were 
challenged with a 2-min puise o f gGRLN 1 9  (arrow), followed by a 5.5 min washout with 
inhibitor alone. Ca2+ response traces for somatotropes (A) and gonadotropes (C) were 
normalized to pretreatment averages (average of first 5 fractions: 157.6 ± 9.1 nM and 162.6 ± 
12.2 nM for somatotropes and gonadotropes, respectively). Quantified net [Ca2+]j responses 
(area between vertical dotted lines) for gGRLN 1 9  alone, inhibitor alone, or combination 
treatments were summarised for statistical comparison (B and D). Data are presented as mean 
± SEM (H-89, n=10 from 3 separate experiments performed between June and July; KT 5720, 
n=10 from 4 separate experiments run in July). Treatment values statistically différent from 
each other have différent letters o f the alphabet.
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Fig. 5.7. An adenylate cyclase activator, forskolin (10 pM), potentiates the GH, but not LH, 
release response to 1 nM gGRLN 1 9  from dispersed goldfish pituitary cells in column 
perifusion. Following a 10 min pretreatment with forskolin alone, cells were challenged with 
a 5-min puise o f  gGRLN)9, followed by a washout of 25 min with forskolin alone. GH (A) 
and LH (C) response traces were normalized to pretreatment averages (average o f  first 5 
fractions: 11.7 ± 1.0 ng/ml and 12.3 ± 1.9 ng/ml for GH and LH, respectively). Quantified net 
responses (area between vertical dotted lines) for gGRLN ) 9  alone, forskolin alone, or 
combination treatments were summarised for statistical comparison (B and D). Data are 
presented as mean ± SEM (n= 8  from 4 separate experiments performed in April). Treatment 
values statistically différent from each other have différent letters o f  the alphabet.
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Fig. 5.8. 1 nM gGRLN 19 did not further increase [Ca2+]j in dispersed goldfish pituitary cells 
loaded with tura-2, AM in cells pretreated with an adenylate cyclase activator, forskolin (10 
pM). Following a 2.5 min pretreatment with forskolin alone, cells were challenged with a 2- 
min puise of gGRLNi9, followed by a washout of 5.5 min with forskolin alone. Ca2+ response 
traces in somatotropes (A) and gonadotropes (C) were normalized to pretreatment averages 
(average o f  first 5 fractions: 155.9 ± 11.9 nM and 187.6 ± 19.9 nM for somatotropes and 
gonadotropes, respectively) Quantified net [Ca2+]j responses (area between vertical dotted 
lines) for gGRLNi9 alone, forskolin alone, or combination treatments were summarised for 
statistical comparison (B and D). Data are presented as mean ± SEM (n=10 from 3 separate 
experiments run in August). Treatment values statistical ly différent from each other have 
différent letters o f the alphabet.
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Chapter 6 -  gGRLNi9 -induced GH release from goldfish pituitary cells is NO 

dépendent

6.1. Introduction

Results from Chapters 4 and 5 demonstrate that gGRLNi9 stimulation of
^ l

GH release from goldfish pituitary cells involves extracellular Ca entry through 

LVSCC and activation of PKC. In addition to Ca2+ and PKC, NO signalling 

participâtes in GRLN actions at différent targets in multiple organisms (Chapter 1, 

Section 1.3.2). For example, in dispersed female pig pituitary cells, GRLN- 

induced GH release is augmented by the addition of L-arginine methyl ester 

hydrochloride (a substrate for NOS), and GRLN effects are inhibited by 

haemoglobin (NO scavenger) and N(w)-nitro-L-arginine (NOS inhibitor) [271]. 

GRLN increases NO production and inducible iNOS protein levels in rat heart 

cells [297], suggesting that NO is important to the cardiac effects o f GRLN, such 

as protection from ischemia and improvement in cardiac contractility [232]. ICV 

administration of GRLN to NOS-knockout mice also fails to induce food intake, 

indicating that NO médiates brain actions of GRLN [227].

As reviewed in Chapter 1, Section 1.4.2, NOS/NO signalling also plays a 

rôle in the neuroendocrine régulation of GH release in goldfish. In particular, 

immunoreactivity for nNOS and iNOS have been identified in dispersed goldfish 

pituitary cells [324] and extracts [325], and sGnRH-, cGnRH-II-, and DA-induced 

GH release in goldfish involve NO signalling [28, 40], However, whether 

gGRLN 19 stimulation o f GH release from goldfish pituitary cells involves 

NOS/NO signalling is unknown.

A version of this chapter has been published: C.L. Grey, J.P. Chang, Ghrelin-induced 
growth hormone release from goldfish pituitary cells is nitric oxide dépendent. Gen 
Comp Endocrinol. 179(2012) 152- 158.
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Given that NOS/NO signalling participâtes in GRLN-induced GH 

sécrétion from porcine pituitary cells and the known involvement o f this 

signalling pathway in the neuroendocrine régulation o f GH release in goldfish, I 

tested the hypothesis that NOS/NO signalling médiates gGRLN 19-induced GH 

release from goldfish pituitary cells. To accomplish this, the effects o f an NO 

scavenger (PTIO), an NO donor (SNP) and three NOS inhibitors (1400W, AGH, 

7-Ni) on the GH release response to gGRLNig from primary cultures o f dispersed 

goldfish pituitary cells were examined in a cell column perifusion System.

6.2. Results

6.2.1. The NO scavenger PTIO abolishes gGRLN 1 9-induced GH release

I first examined whether limiting NO availability, using an NO scavenger, 

affected the ability o f a 1 nM dose o f gGRLNi9 to induce GH release, a dose 

previously shown to be maximally effective [110], Treatment with 10 pM PTIO 

has previously been shown to abolish NO donor-elicited GH release [325]. 

Treatment with gGRLNig increased GH release (Fig. 6.1 A & B), a resuit 

consistent with those demonstrated in Chapters 4 and 5. In contrast, when 

gGRLNig was administered 15 min into a 50 min PTIO treatment, GH release was 

reduced to a level that was not significantly différent from PTIO treatment alone 

(Fig. 6 . 1A & B ) .

6.2.2. The NO donor SNP and gGRLN 1 9  do not produce additive release o f  GH

Given that an NO scavenger attenuated the ability o f gGRLN 19 to induce 

GH release, I was interested in whether an NO donor would be able to further 

increase GH release in the presence o f gGRLNig stimulation. The reasoning was 

that if  gGRLN 19-induced GH release is independent of NO, additive responses 

should be seen with co-administration with SNP, as seen in previous studies with
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PACAP and SNP where PACAP further stimulâtes GH release in the presence of 

SNP, indicating that while the current dose of SNP maximally stimulâtes the NO 

pathway, it does not exhaust GH-releasing potential [219]. However, if  gGRLN 19 

utilizes the NO pathway the GH responses to maximally stimulating doses of SNP 

(100 pM) [219] and GRLN19 (1 nM) would not be additive, since they would 

share similar NO-sensitive GH release signalling components. To ensure 

gGRLNi9 effects couîd be visualized, the 5-min SNP treatment was administered 

at a time corresponding to that of 20 min into the gGRLN 19 treatment. Both 

gGRLNi9 and SNP treatments alone resulted in significant GH release (Fig. 6.2A 

& B). However, the response to the combined SNP and gGRLNi9 treatment was 

not significantly différent than that o f SNP alone (Fig. 6.2A & B), a resuit 

consistent with the hypothesis that NO is a signalling component o f gGRLN, 9 -  

induced GH release in goldfish pituitary cells.

6.2.3. NOS isoform-selective inhibitors differentially blocks gGRLN 1 9 -induced GH  

release

My next step in elucidating the rôle of the NOS/NO signalling pathway in 

gGRLN 19-induced GH release in the goldfish pituitary was to look into the rôle of 

NOS. The first NOS inhibitor employed, 1400W, has been previously shown to 

inhibit the 3 NOS isoforms in the micro-molar range (IC 50 -0 .2 , 7.3 and 1000 pM 

for the i-, n-, and e-NOS isoforms, respectively) [250]. Treatment with 1 pM 

1400W, a concentration that should not affect eNOS, did not resuit in significant 

changes to basai GH release when applied alone, while gGRLN 19 alone induced a 

significant élévation in GH release (Fig. 6.3A & B). However, when gGRLNi9 

was administered in the presence o f 1400W, it failed to significantly increase GH 

release (Fig. 6.3A & B).

The next NOS inhibitor employed, 7-Ni, has been shown to selectively 

inhibit both eNOS and nNOS at the low micro-molar range (IC50 -0 .7 , 0.8 and 30
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pM for n-, e- and iNOS, respectively) [164], Application o f 1 pM 7-Ni did not 

affect basai GH sécrétion but abolished the GH response to 1 nM gGRLN 19 

treatment (Fig. 6.4A & B).

Finally, I examined the effects o f the NOS inhibitor AGH, which has been 

shown to inhibit both iNOS and eNOS with IC50 values of -250  and 530 pM, 

respectively [116]. Application o f 1 mM AGH did not significantly alter basai 

GH release or the GH response to 1 nM treatment with gGRLN 19 (Fig. 6.5 A & B).

6.3. Discussion

I set out to examine the rôle of NO in the intracellular signalling of 

gGRLN 19-induced GH release. Three lines of evidence support the conclusion 

that the NOS/NO pathway is a critical component o f gGRLN 1 9-induced GH 

release from goldfish pituitary cells. First, the NO donor SNP has been shown to 

effectively increase NO in goldfish pituitary cell cultures [219, 325] but co- 

treatment with SNP and gGRLN ] 9  did not lead to additive changes in GH release, 

a response that previous fmdings have shown is possible if  co-treated stimulators 

utilize différent pathways [219], Second, the NO scavenger PTIO, which 

effectively reduces NO donor-elicited GH release from goldfish pituitary cells in 

a previous study [325], significantly reduced gGRLN 19-induced GH release. The 

fact that PTIO does not suppress PACAP-induced GH release in a previous study 

[219] indicates that PTIO does not inhibit GH release nonspecifically in the 

goldfish pituitary cell study system. Third, two NOS inhibitors (7-Ni and 1400W) 

inhibited the ability o f gGRLN 19 to stimulate GH sécrétion. Although whether 

gGRLNig can induce NO production still remains to be elucidated, these fmdings 

support the hypothesis that NOS/NO signalling is an intégral component of 

gGRLNi9  stimulation of GH release in goldfish. That NOS/NO signalling 

participâtes in the neuroendocrine régulation of GH release from goldfish
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pituitary cells is not novel since it has been demonstrated for GnRH and DA [219, 

325]. Nonetheless, results from the présent thesis chapter are the first to implicate 

NOS/NO signalling in direct GRLN action at the level of the pituitary cells in any 

teleost species, as well as for GRLN action in other tissues in teleost in général.

The participation of NOS/NO in direct GRLN stimulation o f pituitary GH 

release is controversial in mammals. Although NO is reported not to médiate 

direct pituitary action of a 3-h treatment of GRLN on GH release in adult rats 

[256], long-term (10 days) in vivo administration of GRLN induces increases in 

GH release in prepubertal rats, a resuit which is not seen with the administration 

o f NO inhibitors [255], On the other hand, the participation o f NO in the direct 

action of GRLN on GH is clearly demonstrated in porcine Systems [271] and, as 

discussed in the Sections 1.3.2 and 6.1 o f this thesis, the involvement o f NOS/NO 

in GRLN actions in many other physiological functions including appetite control 

[227], immune functions [291], and cardiac performance [232, 297] is well- 

established. Taken together with results from the présent thesis chapter, it appears 

that utilization of NOS/NO signalling is one o f the evolutionary conserved 

intracellular signalling mechanisms central to the physiological functions of 

GRLN in vertebrates.

Results from this thesis chapter also provides insight into the possible 

identity o f the NOS isoform involved in mediating gGRLN 19 effects on goldfish 

GH release. Three types o f NOS (i-, n- and e-NOS) are found in tetrapods [335]. 

Goldfish pituitary cells express immunoreactivity for iNOS and nNOS [324, 325] 

and partial cDNA fragments o f i- and n-NOS have been cloned from goldfish 

[174, 179]. Recently, complété cDNA sequences for two goldfish iNOS isoforms 

(A, accession: AY904362.1; B, accession: AY904363.1) have also been reported. 

Interestingly, eNOS has not been identified in the goldfish. My results show that 

while 7-Ni (should inhibit eNOS and nNOS at the dose used) and 1400W (should 

not inhibit eNOS at the dose used) treatments eliminated gGRLN 19-induced GH
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release, the NOS inhibitor AGH (should inhibit eNOS and iNOS isoforms at the 

dose employed) was unable to inhibit gGRLN 19-induced GH release. Assuming 

that the specificity of these inhibitors for mammalian NOS isoforms are similar 

for goldfish NOSs, these observations suggest that nNOS is the primary NOS 

isoform involved in gGRLNi9 intracellular signalling in goldfish somatotropes. 

Although studies support the involvement of NOS/NO in mammalian GH release 

responses in several model Systems [23, 326], these studies have not looked at 

NOS isoform spécifie rôles in mammalian GH release, as induced by GRLN.

Thus the novel finding that nNOS may be the preferred NOS isoform mediating 

gGRLN 19-induced GH release in goldfish pituitary cells may have implications in 

future studies on the neuroendocrine control o f GH release in mammalian and 

non-mammalian model Systems.

Although gGRLNig, GnRH, and DA ail utilize NOS/NO signalling in 

stimulating GH release from goldfish pituitary cells, the spectrum of sensitivity to 

the différent NOS inhibitors differs between these neuroendocrine factors. 

gGRLNj9-elicited GH sécrétion is attenuated by 7-Ni and 1400W (Fig. 6.3 & 6.4) 

while GnRH-induced GH release is sensitive to AGH and 1400W [324, 325] and 

DA-stimulated GH release is only sensitive to 7-Ni [219]. Despite the fact that 

the sensitivity of goldfish NOS isoforms to these inhibitors has yet to be directly 

determined, these différences indicate that linkages to and the use of différent 

NOS isoform(s) plays an important rôle in the ability o f goldfish somatotropes to 

respond to multiple neuroendocrine stimulators.

In mammalian cardiomyocytes, nNOS and eNOS are constitutively
2*Fexpressed and their activation require increases in [Ca ]j [85, 191, 237, 278,

354]. Activation o f seabream and goldfish GHS-Rs in expression Systems has
• * 2 "balso been linked to increases in PLC activity and subséquent élévations in [Ca ]j 

[35, 151]. Likewise, gGRLNig increases [Ca2+]i in goldfish somatotropes and the 

GH release response is Ca2+-dependent (Chapter 3; [110]). How gGRLNi9
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activâtes NOS remains to be studied but it is likely that the presumed activation of 

nNOS in g G R L N ig  action on goldfish somatotropes is mediated by [C a 2+]j 

increases.

The soluble sGC/cGMP system is a common downstream target o f NO 

signalling [166, 258]. Likewise, cGMP has been linked to GRLN-induced GH 

release in other animal models, including mammals. Recent work on female pig 

pituitary cells demonstrated that an inhibitor o f sGC abolished the NO-dependent 

GRLN-induced GH release [271]. Similarly, sGC/cGMP has been implicated in 

the NOS/NO-sensitive GnRH action on GH release from goldfish pituitary cells 

[325]. On the other hand, sGC/cGMP is not always the downstream target o f the 

NO pathway. For example, in female pig pituitary cell cultures, GHRH and low 

doses of SS have been shown to stimulate GH in a NOS/NO dépendent manner, 

yet inhibition of sGC only blocks GHRH-induced, not low dose SS-induced, 

hormone release [199]. NO can also signal independently o f sGC and cGMP via 

S-nitrosylation, an attachment o f NO to proteins which can cause conformational 

and functional changes in protein targets [191, 295]. This type of protein 

modification by NO is thought to be required for NO activation of ryanodine 

receptors in cardiomyocytes [296, 355]. Interestingly, ryanodine receptors have 

been previously implicated in goldfish pituitary GH release [140, 143], thus 

presenting the activation o f these receptors, and subséquent release o f Ca2+, as a 

potential target for NO, as stimulated by gGRLN 19. To further understand the 

gGRLN 19 signal transduction cascade in goldfish somatotropes, it would be 

important to examine whether sGC, cGMP, and ryanodine receptors are also 

involved in the ability of gGRLNi9 to increase GH sécrétion in future studies.
•y,

Since it has been shown that SNP-induced [Ca ]j signais in goldfish GH cells are 

linked to the availability o f extracellular Ca2+ and VSCC activity [363], how NO 

may interact with these and other signalling pathways in mediating gGRLN 19- 

induced GH release would also be useful.
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Interestingly, the net GH response to a 5-min application of gGRLNig in 

7-Ni experiments (Fig. 6.4) is of greater magnitude, by about 3 fold, relative to 

those in the other experiments. Whether this reflects a change in the GH 

responsiveness to gGRLNig along the seasonal reproductive stages remains to be 

ascertained but seasonal reproductive variations in the GH-releasing ability of 

GnRH, DA and PACAP have been demonstrated in goldfish [28,40].

In conclusion, the current study clearly demonstrates that gGRLNig 

utilizes NOS, likely nNOS, and the NO pathway to induce GH release from the 

goldfish pituitary. This adds to the overall understanding o f the complex, 

multifactorial signalling o f hormone release from the goldfish pituitary and the 

functioning of GRLN in various physiological target Systems.
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Fig. 6.1. gGRLNj9faiIs to stimulate GH release in the presence o f  the NO scavenger PTIO. PTIO 
(black bar; 10 pM) was administered 15 min prior to a 5-min puise o f  gGRLN t9 (arrow; 1 
nM). Net GH responses were quantified (area between vertical dotted lines) for PTIO alone, 
gGRLNi9  alone, and PTIO with gGRLN19 for statistical analysis. Pretreatment average (first 
5 fractions) was 0.55 ± 0.03 ng/ml. Data are presented as mean ± SEM (n=8 from 4 separate 
experiments performed in October). Treatment values statistically différent from each other 
have différent letters o f  the alphabet (PO.05; ANOVA followed by Tukey test).
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Fig. 6.2. gGRLNl9 and the NO donor SNP do not induce an additive GH release response. 
gGRLN|9 (black bar; 1 nM) was administered 10 min prior to a 5-min puise o f  SNP (arrow; 
100 pM). Net GH responses were quantified (area between vertical dotted lines) for 
gGRLN]9 alone, SNP alone, and gGRLN19 with SNP for statistical analysis. Pretreatment 
average (first 5 fractions) was 10.13 ± 1.11 ng/ml. Data are presented as mean ± SEM (n=8 
from 4 separate experiments performed in January and February). Treatment values 
statistically différent from each other have différent letters o f  the alphabet (P<0.05; ANOVA 
followed by Tukey test).
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Fig. 6.3. gGRLN|9 fails to induce significant GH release in the presence o f the NO inhibitor 
1400W. 1400W (black bar; 1 pM) was administered 15 min prior to a 5-min puise of 
gGRLN l9 (arrow; 1 nM). Net GH responses were quantified (area between vertical dotted 
lines) for gGRLN 19 alone, 1400W alone, and gGRLNt9 with 1400W for statistical analysis. 
Pretreatment average (first 5 fractions) was 3.93 ± 0.48 ng/ml. Data are presented as mean ± 
SEM (n=6 from 3 separate experiments performed in May). Treatment values statistical ly 
différent from each other have différent letters o f the alphabet (P<0.05; ANOVA followed by 
Tukey test).
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Fig. 6.4. gGRLN]9 fails to induce significant GH release in the presence o f  the NO inhibitor 7-Ni. 
7-Ni (black bar; 1 pM) was administered 15 min prior to a 5-min puise of gGRLN]9 (arrow; 1 
nM). Net GH responses were quantified (area between vertical dotted lines) for gGRLN |9 
alone, 7-Ni alone, and gGRLN19 with 7-Ni for statistical analysis. Pretreatment average (first 
5 fractions) was 5.17 ± 1.18 ng/ml. Data are presented as mean ± SEM (n=6 from 3 separate 
experiments performed in June). Treatment values statistically différent from each other have 
différent letters o f  the alphabet (P<0.05; ANOVA followed by Tukey test).
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Fig. 6.5. gGRLNl9 induces a significant GH release in the presence of the NO inhibitor AGH. 
AGH (black bar; 1 mM) was administered 15 min prior to a 5-min puise of gGRLN19 (arrow; 
1 nM). Net GH responses were quantified (area between vertical dotted lines) for gGRLN19 
alone, AGH alone, and gGRLN|9 with AGH for statistical analysis. Pretreatment average 
(first 5 fractions) was 3.80 ± 0.40 ng/ml. Data are presented as mean ± SEM (n=6 from 3 
separate experiments performed in April and May). Treatment values statistically différent 
from each other have différent letters o f the alphabet (P<0.05; ANOVA followed by Tukey 
test).
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Chapter 7 -  NO signalling in gGRLNiç-induced LH release from goldfish 

pituitary cells

7.1. Introduction

Despite some controversial fmdings, GRLN is recognized as a LH release 

regulator with actions at the levels of the hypothalamus, pituitary and gonads 

(Chapter 1, Section 1.3.1; [196, 230]). Direct GRLN stimulation o f LH release 

from rat pituitary cells is at least in part mediated by NOS/NO [84], Although the 

NOS isoform involved in this GRLN effect is not known, GRLN up-regulates NO 

production, iNOS protein expression, and iNOS gene expression in rat hearts 

[297], Likewise, GnRH-induced LH release in mammals has also been reported 

to utilize NO signalling but this likely involves nNOS [8 , 16, 61, 99, 197],

In the goldfish, immunoreactivity for both iNOS and nNOS has been 

identified in dispersed pituitary cells, including gonadotropes [324]. The 

involvement o f NOS/NO signalling in goldfish pituitary hormone release is well 

established, with evidence supporting NO involvement in sGnRH-, cGnRH-II-, 

and DA-elicited GH release, as well as in sGnRH-induced LH release (Chapter 1, 

Section 1.5.2; [212]). In Chapter 6 , 1 have also shown that gGRLNig stimulation 

of goldfish GH release has an NOS/NO component. However, signalling 

mediating gGRLNig-stimulated GH & LH sécrétion is known to be non-identical 

(Chapter 5) and the involvement o f NO in gGRLNiçrinduced LH release has yet 

to be examined.

In this chapter, I tested the hypothesis that the NOS/NO pathway is a 

critical intracellular signalling component of gGRLNiç stimulation o f LH release 

from goldfish pituitary cells. To this end, I analyzed the samples collected in

A version of this chapter has been published: C.L. Grey, J.P. Chang, Nitric oxide 
signalling in ghrelin-induced LH release from goldfish pituitary cells. Gen Comp 
Endocrinol. (2013) 183: 7-13.
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experiments reported in Chapter 6  for LH release responses in order to examine 

the rôle of NO, and the involvement of previously identified NOS isoforms, in 

gGRLNi9 -stimulated LH release from goldfish pituitary cells in primary culture.

7.2. Results

1.2.1. The NO scavenger PTIO reduces gGRLN1 9-induced LH release

To explore the overall involvement of NO in gGRLN 1 9-induced LH 

release from goldfish pituitary cells I used the NO scavenger PTIO in column 

perifusion, thus examining if gGRLN 19 could still induce significant increases in 

LH without the availability of NO. Application o f gGRLN 19 at 1 nM, a 

maximally stimulatory and physiologically relevant dose previously established to 

induce repeatable and réversible increases in LH [115, 320] lead to an 

approximately net 150% increase in LH levels when compared to basai levels 

(Fig. 7.1 A & B). Treatment with 10 pM PTIO alone [122], a dose that effectively 

abolished NO donor-induced LH release in a previous study [212], did not have a 

significant effect on basai LH levels (Fig. 7.1 A & B). However, when gGRLN 19 

was applied 15 min into a PTIO treatment, gGRLN 19-induced LH sécrétion was 

reduced to levels not significantly différent from PTIO alone (Fig. 7.1 A & B).

7.2.2. The NO donor SNP and gGRLN 1 9  do not stimulate an additive release o f  

LH

To further explore the rôle of NO in gGRLN 19-induced LH release, I next 

utilized the NO donor SNP. If NO is not a critical component to gGRLN 19- 

induced LH release, co-treatment with SNP and gGRLNig should lead to additive 

release of LH from goldfish pituitary cells in column perifusion, a finding that has 

been previously observed under similar conditions where PACAP was able to 

further stimulate LH release from goldfish pituitary cells in periliision in the
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presence o f SNP, when compared to SNP alone [52]. Given that SNP alone 

induces a large change in LH release, we chose to employ a longer, 20-min 

treatment o f 1 nM gGRLNjç with a 5-min 100 pM SNP puise administered 10 

min after the onset of gGRLN 19 treatment to facilitate the détection o f additive 

LH release, if  présent (Fig. 7.2A). The 20 min gGRLN 19 treatment alone induced 

a significant net increase in LH release of approximately 275% (Fig. 7.2B). 

Treatment with a maximally stimulating dose of SNP alone (100 pM), which has 

also been shown to effectively enhance NO production in goldfish pituitary cells 

[52, 212, 240], induced a large, approximately 850% net increase in LH release 

while co-treatment with gGRLNig and SNP resulted in a net response (-750% ) 

not significantly différent than SNP alone (Fig. 7.2A & B).

7.2.3. NOS isoform-selective inhibitors differentialîy block gGRLN 1 9 -induced LH  

release

Next, I tumed upstream of NO and examined the involvement o f NOS by 

utilizing three NOS isoform-selective inhibitors.

First, I examined the effects o f 1 pM 1400W, a dose that would likely 

inhibit iNOS selectively [250]. A 5-min puise o f 1 nM gGRLN 19 produced a 

significant net increase in LH release but this was not seen in the presence of 

1400W (Fig. 7.3A & B). Treatment with 1400W did not significantly affect basai 

LH sécrétion levels over the same quantification time period (Fig. 7.3A & B). 

These results implicated the involvement o f iNOS in gGRLN 19-induced LH 

release in the goldfish pituitary.

Next I examined the effects o f 7-Ni at 1 pM, a dose that would likely 

inhibit nNOS and eNOS, but not iNOS [164]. A 5-min treatment with 1 nM 

gGRLNig produced significant net increases in LH release when applied either 

alone or in the presence o f 7-Ni; the magnitudes of these two responses were also 

not significantly différent from one another (Fig. 7.4A & B). 7-Ni treatment
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alone did not resuit in a significant change in net LH release over the same 

quantification period (Fig. 7.4A & B). These results suggested that nNOS and 

eNOS were unlikely to be involved in gGRLN 19-induced LH release from 

goldfish gonadotropes.

Finally, I examined the effects o f 1 mM AGH, which should inhibit both 

iNOS and nNOS, but not eNOS [116], in order to allow me to further examine if 

iNOS is indeed the NOS isoform involved in gGRLN 19-induced LH release. A 5 

min (1 nM) gGRLNi9 treatment produced a significant net increase in LH release 

when applied alone but not in the presence of AGH (Fig. 7.5A & B). The net 

changes in LH release elicited by AGH alone and the combination o f gGRLN 19 

and AGH were also not significantly différent from one another (Fig. 7.5B).

These observations were consistent with the involvement o f iNOS in gGRLNig 

actions on LH release.

7.3. Discussion

Several fines o f evidence from this thesis chapter support the hypothesis 

that NOS/NO is a critical component in gGRLN 19-induced LH release and 

identify iNOS as the most likely NOS isoform involved. First of ail, in the 

presence o f the NO scavenger PTIO, gGRLNig failed to induce a significant LH 

release response while co-treatment with the NO donor SNP did not lead to 

additive responses, both o f which support the involvement o f NO in the gGRLNig 

intracellular signalling cascade in goldfish gonadotropes. In addition, the NOS 

inhibitors 1400W and AGH abolished gGRLN 19-induced LH release, adding 

further support for the involvement of NO in gGRLN 19-induced gonadotrope 

signalling. Furthermore, assuming that the NOS isoform selectivity o f  the NOS 

inhibitors used in this study is similar in goldfish as in mammals, the sensitivity of 

the gGRLN 19-induced LH response to 1400W (iNOS sélective) and AGH (iNOS
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and nNOS sélective), but not 7-Ni (nNOS and eNOS sélective) indicates that 

iNOS is likely the NOS isoform mediating gGRLNig stimulation of LH release in 

this System. The presence of iNOS-immunoreactivity in goldfish gonadotropes is 

also consistent with the involvement of an iNOS-like molecule in signalling 

transduction events leading to LH release [324, 325]. The conclusion that 

NOS/NO médiates gGRLN 19-induced LH release in goldfish, however, is also 

supported by the known involvement of this signalling mechanism in GRLN 

stimulation o f LH release in rats [84].

How gGRLNi9 activâtes iNOS in goldfish gonadotropes has not been 

examined. In mammals, iNOS is generally not a constitutively expressed enzyme, 

but it is active at basai levels [Ca2+]j once its expression is induced, whereas
0 4-nNOS and eNOS are constitutively expressed but require increases in [Ca ]j to be 

active [16]. On the other hand, iNOS-like immunoreactivity has been detected in 

pituitary cells and extracts from normal goldfish suggesting that it may be
2+constitutively présent in this tissue [324, 325]; however, its sensitivity to [Ca ]i 

has not been examined. It has been previously demonstrated that gGRLN 19 

increases [Ca2+]j in identified goldfish gonadotropes and that the LH response to 

gGRLNi9 is sensitive to Ca2+ entry through LVSCC [115]. It would be important 

to examine in future studies whether gGRLNi9 activation o f iNOS in goldfish
I

gonadotropes is downstream of increases in [Ca ]j and/or other gGRLNig 

signalling pathways (e.g., PKC; Chapter 5, [111]), as well as whether the 

expression of iNOS in the goldfish pituitary can be induced by gGRLNig and/or 

varies according to seasonal reproductive stages. Interestingly, the NO donor 

SNP has been shown to increase [Ca2+]j in a LVSCC-dependent manner in 

goldfish somatotropes [363]. Thus, it is also possible that NO production is 

proximal to increases in [Ca2+]j during gGRLNi9  stimulation o f LH release. 

Furthermore, NO is known to activate sGC/cGMP/PKG in many Systems [166, 

258] but activation of sGC/cGMP/PKG signalling can also occur independently of
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NO in goldfish gonadotropes during cGnRH-II stimulation [212]. Whether 

GC/cGMP/PKG also participâtes in gGRLN 19-induced LH release in goldfish and 

its relationship to NO is another topic that needs to be addressed. Future work 

focusing on these proven and postulated components o f gGRLN 19-induced 

signalling and cross-talk between pathways would not only be interesting but also 

important.

Recently, sGnRH-induced, but not cGnRH-II- and PACAP-elicited, LH 

release was shown to involve NOS/NO signalling [212], The présent results add 

gGRLNig as one of the neuroendocrine factors that utilize NOS/NO signalling in 

stimulating LH release in goldfish. Interestingly, whereas only 1400W and AGH 

affected gGRLN 19 stimulation o f LH release, ail three o f the NOS inhibitors used 

in this study (1400W, 7-Ni and AGH) effectively reduced the LH response to 

sGnRH [212], These observations suggest that the NOS isoform (or complément 

of isoforms) involved in sGnRH and gGRLNig actions on goldfish gonadotropes 

are différent. Furthermore, although results from this thesis chapter indicate that 

1400W- and AGH-sensitive NOS is the isoform involved in mediating gGRLNig 

stimulation of LH release, the NOS isoform(s) mediating the GH response to 

gGRLNig is not identical, being sensitive to 7-Ni and 1400W, but not AGH 

(Chapter 6 , [112]). Likewise, the LH and GH responses to sGnRH are also 

affected by différent compléments of NOS inhibitors (1400W, 7Ni and AGH for 

LH; 1400W and 7Ni for GH) [212, 324, 325], Thus, the NOS isoform (or sets of 

isoforms) used by a particular neuroendocrine regulator also differ between 

goldfish somatotropes and gonadotropes. These results have an important 

implication: that the sélective use of NOS/NO signalling, as well as the 

involvement o f différent NOS isoform(s), in intracellular signalling is part o f the 

complexity within signal transduction events that allows for ligand- and cell-type- 

specific neuroendocrine control o f pituitary LH and GH release in goldfish.
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Given that gGRLN 19 stimulation of GH release also involves NOS/NO 

(Chapter 6 ) and NO is a diffusible molecule [112], a question that must be asked 

is whether the NOS-sensitive LH response to gGRLN 19 is the resuit o f paracrine 

stimulation by NO released from neighboring cells such as somatotropes, and vice 

versa. It has been shown that identified goldfish gonadotropes and somatotropes 

both express NOS immunoreactivity [324, 325], indicating that goldfish 

gonadotropes and somatotropes likely produce NO via NOS. Although we have 

yet to demonstrate directly that gGRLNi9 can stimulate NO production in 

individual goldfish gonadotropes and somatotropes, the differing spectrum of 

sensitivity to NOS inhibitors in the gGRLN 19-elicited LH and GH responses 

described above strongly suggests that activation of NOS présent in gonadotropes 

must contribute to the NOS/NO-dependence o f gGRLN 19 action on LH release, 

while the NOS in somatotropes must also contribute directly to the corresponding 

GH response. Regardless o f the différences in NOS isoform involved in the 

génération of gGRLN 19-induced NO signal in goldfish gonadotropes and 

somatotropes, these results indicate that NOS/NO signalling is one o f the 

conserved mechanisms o f action for gGRLNig. Interestingly, NO generally has 

an inhibitory effect on ovarian steroidogenesis and follicular growth, survival and 

maturation in mammalian model Systems [75-77] and gGRLN 19 inhibits final 

oocyte maturation in zebrafish [283]. Whether NOS/NO signalling participâtes in 

the gonadal actions o f gGRLNig would be an important aspect of future 

investigation into the integrated neuroendocrine rôle o f gGRLNi9 in reproduction.

In conclusion, in addition to revealing, for the first time, that NOS/NO 

participâtes in the direct action o f gGRLN 19 on LH release in goldfish, and in any 

teleost species for that matter, results from this chapter also add to our 

understanding on the complexity o f NOS/NO involvement in the multifactorial 

neuroendocrine control o f LH and GH release in this model system. In particular, 

in addition to différences observed in the involvement o f PKC and PKA
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signalling in gGRLN 19-induced sécrétion from GH and LH cell types (Chapter 5, 

[111]), results from this thesis chapter, when taken with those o f Chapter 6  on NO 

involvement in gGRLN 19-induced GH, indicate that there are also différences in 

the NOS/NO signalling pathways between somatotropes and gonadotropes in 

response to this stimulatory hormone. These results also support NO as a 

conserved component for GRLN signalling among vertebrates in various 

physiological functions, including cardiac, immune and hormone release [16], 

thus adding to the overall understanding of GRLN actions both at the pituitary 

level and at other target tissues in vertebrates.
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Fig. 7.1. gGRLNiçrStimuIated LH release is significantly reduced in the presence ofthe NO 
scavenger PTIO. PTIO (black bar; 10 pM) was administered 15 min priorto a 5-min puise of 
gGRLNi9  (arrow; 1 nM). Net LH responses were quantified (area between vertical dotted fines) 
for PTIO alone, gGRLN|9 alone, and PTIO with gGRLNl9 for statistical analysis. Pretreatment 
average (first 5 fractions) was 4.12 ± 0.45 ng/ml. Data are presented as mean ± SEM (4 separate 
experiments were performed in October, n=8). LH release profiles are shown in panel A while the 
quantified net responses are shown in panel B. Net response values statistically différent from 
each other have différent letters of the alphabet (P<0.05; ANOVA followed by Tukey test).
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Fig. 7.2. gGRLNl9and the NO donor SNP do not induce an additive LH release response.
gGRLN,9 (black bar; l nM) was administered 10 min prior to a 5-min puise o f  SNP (arrow; 
100 pM). Net LH responses were quantified (area between vertical dotted lines) for gGRLN ,9 
alone, SNP alone, and gGRLN19 with SNP for statistical analysis. Pretreatment average (first 
5 fractions) was 12.86 ± 1.45 ng/ml. Data are presented as mean ± SEM (n=8 from 4 separate 
experiments performed in January and February). LH release profiles are shown in panel A 
while the quantified net responses are shown in panel B. Net response values statistically 
différent from each other have différent letters of the alphabet (P<0.05; ANOVA followed by 
Tukey test).
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Fig 7.3. gGRLNiç fails to induce significant LH release in the presence o f  the NO inhibitor 
1400W. 1400W (black bar; 1 pM) was administered 15 min prior to a 5-min puise of 
gGRLN | 9  (arrow; 1 nM). Net LH responses were quantified (area between vertical dotted 
lines) for gGRLN,9 alone, 1400W alone, and gGRLN19 with 1400W for statistical analysis. 
Pretreatment average (first 5 fractions) was 2.31 ± 0.34 ng/ml. Data are presented as mean ± 
SEM (n=6 from 3 separate experiments performed in May). LH release profiles are shown in 
panel A while the quantified net responses are shown in panel B. Net response values 
statistically différent from each other have différent letters o f  the alphabet (P<0.05; ANOVA 
followed by Tukey test).
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Fig. 7.4. gGRLNi9  induces a significant LH release response despite the presence o f  the NO 
inhibitor 7-Ni. 7-Ni (black bar; 1 pM) was administered 15 min prior to a 5-min puise o f  
gGRLN)9 (arrow; 1 nM). Net LH responses were quantified (area between vertical dotted 
lines) for gGRLN)9 alone, 7-Ni alone, and gGRLN19 with 7-Ni for statistical analysis. 
Pretreatment average (first 5 fractions) was 1.92 ± 0.16 ng/ml. Data are presented as mean ± 
SEM (n=6 from 3 separate experiments performed in June). LH release profiles are shown in 
panel A while the quantified net responses are shown in panel B. Net response values 
statistically différent from each other have différent letters o f  the alphabet (P<0.05; ANOVA 
followed by Tukey test).
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Fig 7.5. gGRLN|9 fails to induce significant LH release in the presence o f  the NO inhibitor AGH. 
AGH (black bar; 1 mM) was administered 15 min prior to a 5-min puise of gGRLN19 (arrow;
1 nM). Net LH responses were quantified (area between vertical dotted lines) for gGRLN 19 
alone, AGH alone, and gGRLN )9 with AGH for statistical analysis. Pretreatment average 
(first 5 fractions) was 2.23 ± 0.27 ng/ml. Data are presented as mean ± SEM (n=6 from 3 
separate experiments performed in April and May). LH release profiles are shown in panel A 
while the quantified net responses are shown in panel B. Net response values statistically 
différent from each other have différent letters o f the alphabet (P<0.05; ANOVA followed by 
Tukey test)
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Chapter 8 -  Differential modulation of gGRLNi9 -induced GH and LH 

release by PACAP and DA in goldfish pituitary cells

8.1. Introduction

In goldfish, neuroendocrine régulation of pituitary GH and LH release are 

both multifactorial in nature and involves common, as well as distinct 

neuroendocrine factors (reviewed in Chapter 1, Sections 1.4.2 & 1.5.2). Among 

these neuroendocrine factors, PACAP and DA have been shown to affect both LH 

and GH sécrétion [41, 46]. PACAP directly stimulâtes both LH and GH sécrétion 

via PAC1 receptor-mediated cAMP/PKA signalling [346]. DA DIR-mediated 

increase in GH sécrétion similarly involves cAMP/PKA but has an additional 

NOS/NO component [218]. On the other hand, DA inhibits LH release via D2Rs 

and actions at or downstream of PKC and PKA activation [328]. Results from 

Chapters 3-7 of this thesis have also revealed that gGRLNig stimulâtes GH and 

LH release via common, as well as target-selective, signalling pathways. 

Specifically, while gGRLNig stimulation of GH and LH release both involve 

Ca2+, LVSCC, NO and PKC, only gGRLN 19-induced LH release has an additional 

PKA component. Furthermore, the NOS isoform utilized is spécifie to each cell- 

type.

Interestingly, in mammals, both D1R and D2R have been shown to 

modulate GRLN effects by heterodimerization with G H S-Rla (Chapter 1, Section 

1.2.3; [134, 158, 277]), and cAMP/PKA-dépendent GHRH actions may potentiate 

the PKC-dependent GRLN-induced GH release (Chapter 1, Section 1.3.2; [119, 

171]. In goldfish GH and LH release, PKC and PKA also form two major distinct 

intracellular signalling pathways (Chapter 1, Sections 1.4.2 & 1.5.2; [41, 46]), and

A version of this chapter has been submitted for publication: C.L. Grey, J.P. Chang, 
Differential modulation of ghrelin-induced GH and LH release by PACAP and dopamine 
in goldfish pituitary cells. General and Comparative Endocrinology (2013; GCE-13- 
162R1).
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the AC activator forskolin enhances gGRLN 19-elicited GH release in Chapter 5. 

These results suggest that DA and the PKA-utilizing PACAP may exert important 

modulatory effects on gGRLNig régulation of GH and LH release from goldfish 

pituitary cells; however, how DA and PACAP interacts with gGRLN 19-induced 

GH and LH sécrétion have not been investigated in this model system.

To further understand the multifactorial neuroendocrine control o f GH and 

LH release in goldfish, as well as gGRLN 19 actions, this thesis chapter 

investigates if  the abilities o f gGRLNig to elicit GH and LH sécrétion are affected 

by DA and PACAP using primary cultures of dispersed goldfish pituitary cells. 

Results indicate that gGRLNi9 interacts with PACAP and DA on GH and LH 

release in a cell-type- and ligand-specific manner.

8.2. Results

8,2.1. Treatment with gGRLN 1 9  does not alter DA action on G H  or LH  release

The interactions between treatments with gGRLNig and DA, an 

established stimulator o f GH release and inhibitor o f LH sécrétion [41,46], on 

hormone release from primary cultures of goldfish pituitary cells was first 

examined. Goldfish used were at times o f gonadal régression. As expected, a 50- 

min application o f DA at 1 pM, a maximally stimulatory dose [29], induced a 

large net GH response o f approximately 8000% pretreatment levels (Fig. 8.1 A & 

B). Likewise, a 5-min puise of gGRLNig at 1 nM, a maximally stimulating and 

physiologically relevant dose [110, 115, 322], produced a net GH response of 

approximately 500% pretreatment. However, the addition o f gGRLNig in the 

middle of the DA treatment was not able to further elevate the total net GH 

response above levels o f that observed with DA alone (Fig. 8.1 A & B). DA 

treatment alone reduced basai LH release as expected and inhibited gGRLNig-
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induced LH release (Fig. 8 .1C & D). Application o f gGRLN^ alone elevated LH 

sécrétion with a net response of approximately 380% pretreatment; when applied 

in the presence o f DA however, the net LH response to the combination treatment 

was not significantly différent from that to DA alone (approximately -225 and - 

290 %  pretreatment, respectively; Fig. 8.1C & D).

8.2.2. PACAPpotentiates gGRLNig-induced GH, but not LH, release

The interactions of gGRLNig and the known cAMP/PKA signalling 

peptide PACAP was examined next. Goldfish used were at times o f late gonadal 

recrudescence. Treatment with a maximally stimulating dose o f PACAP (10 nM) 

[54, 345] for 55 min resulted in a net GH response o f approximately 600% 

pretreatment, a response magnitude that was similar to that induced by a 5-min 

application o f 1 nM gGRLNig (Fig. 8.2A & B). However, when the gGRLNi9 

puise was applied 15 min into the PACAP treatment, this combination resulted in 

an enhanced total net GH release response (-2500%  pretreatment) that was 

significantly greater than the responses to either gGRLNi9  or PACAP alone, as 

well as doubled the approximated sum of these two individual responses (Fig. 

8.2A & B). This increase in total net GH release with the combined PACAP and 

gGRLNig treatment was largely due to the elevated GH levels in fractions 

collected following gGRLNig application (Fig. 8.2A). On the other hand, prior 

treatment with PACAP had no significant effect on gGRLN 19-induced LH release 

(Fig. 8.2 C&D). Here the PACAP-induced net increase in LH release (-150%  

pretreatment) was approximately half that of gGRLNi9  while gGRLNig alone and 

the combination treatment o f both stimulators each resulted in a net LH release 

response o f approximately 310% pretreatment (Fig. 8.2C & D).
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8.2,3. Prior treatment with gGRLNig has no effect on PACAP-induced GH or LH  

release

GRLN levels in goldfish change in response to many physiological 

functions including energy levels and hunger status [319, 322] and thus these 

changes in GRLN release may occur at différent times, relative to the release of 

other neuroendocrine factors including PACAP. Given the large potentiating 

effect of the combined PACAP and gGRLN 19 treatment on induced GH release 

observed in the previous protocol, I was interested in whether the treatment order 

was important in eliciting this enhanced GH release response. To this end, I 

pretreated with gGRLNig prior to PACAP challenge and measured both the GH 

and LH release responses. Pituitary cells used in these experiments were obtained 

from goldfish with gonads at mid-recrudescence. Given that a prolonged 1 nM 

treatment with gGRLNig induces GH and LH release in a bi-phasic manner and 

with the maximal peak release generally observed within 1 0  min of the treatment 

onset [110, 115], we chose a shorter 10-min pretreatment with gGRLNi9 , 

compared to the previous expérimental protocol with PACAP, to maximize the 

chances o f observing additivity or potentiation with PACAP application, if 

présent. As expected, treatment with either 1 nM gGRLNig alone for 35 min or a 

10 nM PACAP alone puise o f 5 min induced significant release o f both GH (net 

GH response to gGRLNig and PACAP -220 and 830% pretreatment, 

respectively; Fig. 8 .3A & B) and LH (net LH response to gGRLNiç and PACAP 

-100 and 160% pretreatment, respectively; Fig. 8.3C & D). The combination o f a 

35-min exposure to gGRLNig together with a 5-min treatment with PACAP, 

applied 10 min into the gGRLN 19 treatment, produced net GH and LH responses 

(approximately 900 and 190% pretreatment, respectively) that were o f similar 

magnitudes to those o f PACAP application alone (Fig. 8.3), suggesting that this 

combination treatment protocol did not resuit in a potentiation of either the GH or 

the LH release response.
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8.2.4. Treatment with PACAP prior to gGRLNig potentiates Ca2+ signais in 

somatotropes, but not gonadotropes

Previous work has shown that hormone release response to gGRLN 19 and
y *4“

P A C A P  in goldfish somatotropes and gonadotropes involve élévations in [C a  ]j 

[110, 115, 276]. A s  an initial step to understand the intracellular basis for the 

potentiating effect o f P A C A P  pretreatment on the GH response to gGRLN 19 

observed in Section 8 .2 .2 ,1 examined whether the gGRLN 19-elicited changes in 

[C a2+]j signais in goldfish somatotropes and gonadotropes were affected by prior 

exposure to P A C A P . Pituitary cells used were obtained from goldfish at late 

gonadal recrudescence and pre-spawning stages. A s in previous studies [46, 110,

115, 276, 364], we observed significant élévations in [Ca ]; within somatotropes 

and gonadotropes when either a 9.5 min, 1 nM, PACAP alone or a 2 min, 1 nM, 

gGRLNig alone treatment was applied (Fig. 8.4). Co-treatment with PACAP and 

gGRLNig, with the gGRLNig plus PACAP application commencing 2 min into 

the PACAP treatment, resulted in enhanced [Ca2+]i signais in somatotropes 

observed at time points shortly after the onset of the combined gGRLN 19 plus 

PACAP exposure (Fig. 8.4 A & B). Averaged peak [Ca2+], magnitudes observed 

within the 2 min following the onset o f gGRLNig exposure in the presence of 

PACAP were about 3 times those observed in the absence o f PACAP (Fig. 8.4A). 

Just as importantly, the cumulative net [Ca2+]j response to combined gGRLNig 

and PACAP treatment was significantly greater those produced by either o f these 

peptides alone and nearly doubled the expected sum of the responses to PACAP 

and gGRLNig alone (cumulative net increase induced by PACAP alone, gGRLNig 

alone and the combination treatment were -1400, 800 and 4200% pretreatment, 

respectively; Fig. 8.4B). In contrast, no significant différence between the total 

net response with the combined gGRLN 19 and PACAP treatment and PACAP 

alone was observed in gonadotropes, although both were significantly greater than 

that to gGRLN)9 alone (Fig. 8.4C & D). These results demonstrate that pre-
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exposure to P A C A P  selectively increased the gGRLN jg-elicited [C a2+]j signal 

within somatotropes, but not gonadotropes, in parallel with its effects on hormone 

sécrétion.

8.3. Discussion

The cAMP/PKA intracellular signalling mechanism has been implicated 

as a modulator o f GRLN action in mammalian models [41,46]. In an attempt to 

further understand the complex régulation of growth and development through 

modulation o f pituitary hormone release in goldfish, as well as the mechanisms of 

GRLN actions in général, we explored interactions between gGRLN 19 and two 

other endogenous regulators, DA and PACAP, both o f which have been shown to 

utilize the cAMP/PKA pathway in stimulating goldfish hormone release from 

pituitary cells. Novel fmdings in this thesis chapter include: 1) démonstration of a
•y 1

cell-type-specific potentiated hormone release response, and associated [C a  ]j 

signais in somatotropes, but not gonadotropes, in response to P A C A P  and 

gGRLNi9  co-treatment; 2) différences in the effects o f the two P K A  activating 

ligands, P A C A P  and D A , on gGRLNig actions on GH sécrétion; and 3) the ability 

of D A  to inhibit gGRLN 19-induced LH release.

8.3.1. DA and gGRLNig action on GH and LH release

In many teleosts, DA is an inhibitor of basai and stimulated LH release by 

actions directly at the level of pituitary cells and the removal o f this inhibitory 

influence is an intégral part of the neuroendocrine events leading to the ovulation- 

inducing LH surge [78, 372]. Results in this thesis chapter extend this inhibitory 

action to GRLN-induced LH release for the first time in any teleost species. 

Results from Chapter 5 have implicated both PKC and PKA pathways in 

mediating gGRLNig stimulation of LH sécrétion from goldfish pituitary cells
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[111], whereas DA inhibits stimulated LH release by actions on both PKC and 

PKA signalling via D2Rs in goldfish gonadotropes [46, 328]. How DA exerts its 

inhibitory effects on gGRLNig-elicited LH sécrétion has not been directly 

examined but it seems likely that interférence at both the PKC and PKA pathways 

may be involved.

On the other hand, DA is known to stimulate GH sécrétion via D IRs and 

PKA activation in goldfish somatotropes while gGRLNig elicits GH release 

through PKC signalling (Chapter 5 and references [41, 53, 111, 347]). Previous 

studies have shown that PKC- and PKA-dependent GH release are at least 

additive in this system [41]. For example, further enhancement of GH release to 

maximally stimulating doses of DA, or pharmacological activators o f PKA, can 

be achieved with co-treatment o f maximally stimulating doses of pharmacological 

activators o f PKC, or the PKC-dépendent stimulator GnRH, with DA [41, 53,

347, 363]. Thus, the observation that co-treatment with DA and gGRLN 19 failed 

to produce an additive or a potentiated GH response is unexpected, especially 

given that the AC activator forskolin, as well as PACAP, pretreatment enhance 

gGRLN 19-elicited GH sécrétion ([111] and see Section 8.4.2 below).

Furthermore, in a previous study using prolonged treatment with caffeine which 

also generated an increase in GH release reaching peak magnitudes o f -1000%  

pretreatment or greater, as with DA in this study, further stimulation o f GH 

sécrétion above that seen with DA alone can be attained by the puise application 

o f another secretagogue [276]. These observations indicate that the releasable GH 

pool in goldfish somatotropes are not depleted by maximal stimulation DA and 

further élévation in GH sécrétion is possible if a separate major pathway is 

activated. The reason(s) for this surprising resuit with DA and gGRNLig co- 

treatment on GH release are not known but literature information on DA receptor 

and GHS-Rla interactions may provide a due.
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Goldfish somatotropes express D1R [342] and are also believed to express 

GHS-Rla [111, 322], In HEK cells co-expressing mammalian D1R and GHS- 

R la, these two receptors are thought to heterodimerize and co-treatment with 

GRLN enhances DA-induced cAMP response as a resuit o f a switch in GRLN- 

GHS-Rla signalling from Gai i/q, known to be linked to the PKC pathway, to a 

pertussis toxin-sensitive Gaj/0-dependent pathway [134]. Furthermore, D1R- 

GHS-Rla heterodimers also co-intemalize with DA and GRLN treatment, and 

their presence atténuâtes GRLN-induced increases in [C a2+]j [277]. If  such 

heterodimerization of receptors and switch in GHS-Rla G-protein coupling 

occurs in goldfish somatotropes, it could explain the lack o f additive GH response 

with the co-application o f DA and gGRLNiç, since gGRLNig may no longer be 

signalling via Gai i/q-PKC and/or its ability to elevate [C a  ]j may be impaired in 

the presence o f DA stimulation. However, whether these events occur in goldfish 

somatotropes remains to be determined and further study would be required to 

elucidate this. Interestingly in mammals, GHS-Rla heterodimerization with D2R 

is also important in the neuroendocrine régulation o f GH release and GRLN 

régulation o f food intake. For example, D2R knockout in mice reduces GRLN- 

elicited and GHRH-induced GH release in mice [97]. Moreover, subsets o f 

neurons in the hypothalamus expressing GHS-Rla/D2R heterodimers have been 

identified with florescence résonance energy transfer (FRET) and time resolved 

FRET, and treatment o f wild type and GRLN'/_ mice with a D2R agonist induces 

anorexia [158]. Although, D2Rs are not expressed on goldfish somatotropes, they 

are présent on goldfish gonadotropes [328]. Whether D2R and GHS-Rla 

heterodimerization also plays a rôle in the inhibition of gGRLN 19-induced LH 

release by DA is unknown but it seems unlikely given that GHS-Rla/D2R 

heterodimer acts via activation o f PLC in mammalian expression Systems [158] 

and DA application inhibits gGRLN 19-stimulated LH release in this thesis chapter 

(Fig, 8.1). Nonetheless, the possibility o f DA receptor heterodimerization with
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GHS-Rla is an important area to consider in future studies on the neuroendocrine 

régulation of goldfish LH and GH release.

8.3.2. PACAP and gGRLNig action on G H  and LH release and [C a2+] t signais in 

somatotropes

PACAP is a major modulator of hormone release from the pituitary gland, 

including GH and LH release in teleosts [94, 224, 249, 272]; however, the présent 

thesis chapter is the first known study to look at co-treatment of PACAP and 

GRLN on GH and LH release responses in any vertebrate pituitary cell system. 

Since GRLN release changes in response to many inputs, such as hunger and 

starvation, the examination of the order in which gGRLN 19 is applied, relative to 

PACAP, is also important to consider as the relative order that goldfish pituitary 

cells may be exposed to différent neuroendocrine factors may vary significantly 

depending on the physiological conditions. Indeed within the goldfish, 

preproGRLN mRNA levels in the hypothalamus and sérum GRLN levels have 

both been shown to change in response to starvation and following feeding [152, 

320], however longer term changes have not been examined to date. In the 

goldfish, PACAP induces GH and LH release from pituitary cells via a 

cAMP/PKA dépendent pathway, but not PKC and NOS. Although PACAP- 

induced GH and LH release both involve increases in [Ca2+]j through intracellular 

Ca2+ mobilization, only its GH-releasing actions involve Ca2+ entry through 

LVSCCs [54, 345, 346]. On the other hand, gGRLN 19-induced GH release 

involves PKC, LVSCCs and nNOS while the LH response is mediated by PKA, 

PKC, LVSCCs and iNOS (Chapters 3-7; [110, 112, 113, 115]). Consistent with 

these data is the présent results on LH release, which demonstrates no additivity 

for PACAP and gGRLNi9  co-treatment in either the PACAP followed by 

gGRLNig or the reverse paradigm (Fig. 8.2 & 8.3), supporting that PACAP and 

gGRLN 19 both share the major, converging, PKA-dependent pathway to elicit LH 

release in goldfish gonadotropes. On the other hand, PACAP treatment prior to



155

gGRLNig results in a potentiation of GH release and an elevated gGRLN 1 9 -  

induced [Ca2+]j signal (Fig. 8.2 & 8.4). These observations fit in with results 

shown in Chapter 5 with forskolin pre-treatment, which also potentiates 

gGRLN 19-elicited GH release while having no effect on the LH response. These 

results suggest that the PKC-dependent, but PKA-independent, gGRLN 19-induced 

GH release is positively modulated by PKA-activating ligands in goldfish 

somatotropes. Given that the enhancement of GH release is only seen when 

PACAP treatment commences prior to gGRLNig application, but not in the 

reverse application sequence, it is likely that the activation o f the PKA pathway in 

goldfish somatotropes “primes” the hormone-release response to PKC-mediated 

stimulation. PKA activation may recruit more GH-containing vesicles, increase 

the readily releasable pool, or increases the turnover o f vesicles at the membrane, 

thus allowing for higher levels o f hormone release in response to the gGRLNig 

treatment. In support o f these possibilities are studies linking cAMP to synaptic 

vesicle activity. In primary cultures o f rat hippocampal cells, activation o f PKA, 

and associated increased phosphorylation o f the vesicle phosphoprotein synapsin 

I, produces increased levels of vesicle exocytosis when cells are subsequently 

stimulated [213], Also, studies in Drosophila link cAMP levels to enhancement 

of synaptic vesicle release and demonstrate that mutation-induced defects in the 

cAMP/PKA system resuit in decreased synaptic vesicle recruitment [160].

It is interesting to note that pretreatment with PACAP followed by 

gGRLNig also resulted in an increase in the [Ca2+], response in the présent study 

but a similar élévation in [Ca2+], response was not observed with forskolin pre- 

exposure in experiments shown in Chapter 5. This différence is likely due to the 

fact that PACAP effects are receptor-mediated events while forskolin directly 

stimulâtes AC. Application of PACAP not only results in activation of AC and 

PKA, it is also linked to other signalling pathways [41, 218, 276] (also see 

above); one or more o f which may allow the gGRLN 19-elicited [Ca2+]j signal to be
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amplified. The exact intracellular mechanism(s) involved in this enhancement of 

the [C a 2+]j by P A C A P  remains to be determined. Likewise, whether the increased 

[C a 2+]j response is a resuit o f enhanced C a 2+ entry through L V S C C s  and/or
^ I

intracellular C a  mobilization, as well as whether gGRLNjg actions on goldfish 

somatotropes has an intracellular Ca2+ store-dependent component is unknown. 

While we cannot rule out the possibility that activation of P K A  also allows for a 

more effective [Ca2+]j-exocytosis coupling, especially when we have only 

examined the interactions between P A C A P  or forskolin with gGRLNi9 at 

maximal effective doses, it appears that the elevated GH release response can 

occur independent o f further increase in [C a2+]j beyond that induced by gGRLNiç 

alone.

The effects o f co-treatment with PACAP and gGRLNig on GH release 

observed in the présent thesis chapter resemble those o f GHRH and GRLN co- 

application in mammals, where GHRH is thought to be the major and PKA- 

activating stimulator of GH release and positive interactions between GHRH and 

GRLN on GH release have been reported [159,171]. Interestingly, co-application 

of synthetic goldfish (g)GHRH and gGRLNig in goldfish pituitary cells did not 

produce an additive or a potentiated GH release response (see Chapter 9). 

However, how gGHRH exerts its GH-releasing effects in goldfish pituitary cells 

has not been directly investigated, although it is thought to also utilize PKA 

signalling based on receptor expression studies in cell-lines [185]. Interestingly, 

evidence in the literature supports the idea that GHRH is the major stimulator of 

GH release in birds and mammals, while PACAP and GHRH appear to work 

together to stimulate GH sécrétion in fish and amphibians [94]. These différences 

between how gGHRH (and PACAP) interacts with gGRLNi9 in goldfish as 

compared to mammals are not at odds with this proposed change in the relative 

importance o f PACAP and GHRH peptides in the neuroendocrine régulation of 

GH sécrétion across vertebrate species.
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8.3.3. Other implications and summary

The ability o f PACAP to enhance the GH, but not the LH, response to 

gGRLNig, as well as the differential actions of DA on gGRLN 19 effects on GH 

and LH release, makes sense from the perspective of overall régulation of 

physiological functions by pituitary hormones. Given that GRLN appears to be a 

link between energy status, growth, and reproduction, its action at the level of the 

pituitary on GH and LH release must be selectively modulated under various 

circumstances. For example, during periods o f body growth, stimulation of 

orexigenic behavior and release o f large amounts of GH would be required but 

LH release would not be expected to be elevated, or may even be reduced if 

energy stores are being expended in somatic growth. The major period o f somatic 

growth in goldfish commences in the post-spawning season o f  late spring and 

early summer and the sérum GH level is also much elevated while sérum LH is 

low in vivo [56, 315]. At this time o f the year, the ability o f PACAP to stimulate 

GH release is greatest in vitro [56] and PACAP’s ability to selectively enhance 

gGRLNi9 action of GH release may be part of the neuroendocrine mechanisms in 

maintaining a relatively high sérum GH level. On the other hand, during gonadal 

recrudescence in the winter months, energy supply for gonadal growth, as well as 

appropriate gonadal steroidogenesis is required. It is known that GH enhances the 

ability of LH to stimulate sex steroid production [183, 287] and is a positive 

modulator of spermatogenesis induction [194]. DA inhibitory action on LH 

release-responsiveness to neuroendocrine stimulators, including gGRLN 19 and 

others, allows for an adéquate LH release while preventing the prématuré 

elicitation o f the ovulation inducing LH surge. At the same time, DA’s own GH- 

releasing actions, together with its non-potentiating interactions with gGRLN 19, as 

well as the effects of other neuroendocrine factors on GH release, maintains a 

level of GH sécrétion adéquate to maintain energy balance and to enhance the 

steriodogenic response to LH necessary for gonadal development. It would be
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very interesting to look at how PACAP release and actions differs under différent 

stages of somatic growth, as well as gonadal maturation, to further understand the 

role(s) of PACAP and GRLN interaction at the level o f the pituitary. Likewise, 

whether the influence o f DA on gGRLN 19-elicited GH and LH release varies 

seasonally is also an important area of future research in the differential 

neuroendocrine régulation of the release these two pituitary hormones.

Overall, results from this thesis chapter provide novel evidence o f the 

differential modulation of gGRLN 19’s hormone-releasing activity by two known 

neuroendocrine regulator o f LH and GH release, DA and PACAP, in goldfish 

pituitary cells. Specifically, results demonstrate that PACAP is able to potentiate 

gGRLN 19-induced GH, but not LH, release while DA inhibits gGRLN 19 effects on 

gonadotropes and does not enhance gGRLNi9  actions in somatotropes. 

Furthermore, these results fit with the current model that gGRLN 19-induced GH 

release is dépendent on PKC, but not PKA, and is potentiated by stimulators o f 

PKA signalling, while gGRLN 19-induced LH release relies on both PKC and 

PKA-dependent signalling mechanisms. The différences in the effects o f 

pretreatment with DA or PACAP on gGRLN 19-elicited GH release indicate that 

potentiation o f gGRLN 19 stimulation of GH release may not be a universal feature 

of PKA-activating ligands, but may be hormone-receptor-system spécifie. In 

addition, complex interactions, such as receptor heterodimerization, which has 

been shown to affect GRLN receptor actions in other Systems, may be important 

and profitable avenues for further research into gGRLNi9 neuroendocrine actions. 

Furthermore, given that pretreatment with PACAP prior to gGRLNi9  application, 

but not the reverse treatment sequence, leads to an enhanced GH release response, 

the order o f exposure to hypothalamic factors is probably an important aspect in 

the multifactorial neuroendocrine control of the release of GH and other pituitary 

hormones that will require attention in future investigations.
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(iM) was administered 15 min prior to a 5-min puise o f  gGRLN1 9  (arrow; 1 nM). Net GH and 
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Chapter 9 -  gGHRH stimulâtes GH release but inhibits gGRLNjg- and 

sGnRH-induced LH release from goldfish pituitary cells

9.1. Introduction

As reviewed in Chapter 1, GHRH and GnRH are the main stimulatory 

factors for GH and LH release, respectively, in mammals (Chapter 1, Sections 1.4 

& 1.5). In addition GRLN also participâtes in the neuroendocrine régulation of 

GH and LH release (Section 1.3.1). GRLN directly stimulâtes pituitary GH 

sécrétion via receptor-signalling mechanisms that are largely dissimilar to those 

activated by GHRH (mainly PKC and PKA, respectively), and GRLN and GHRH 

can synergistically enhance each other’s GH responses [152, 170, 171]. This 

positive interaction between GRLN and GHRH is likely to be important when 

rapid increases in GH release are required and is thus thought to be necessary for 

maximal fiinctioning of GH release responses [119, 171].

In addition to its major rôle in GH release, GHRH has also been reported 

to have other functions in mammals [12, 159], including actions on gonadotropes. 

A subset o f rat gonadotropes express GHRH binding sites [65], and long-term 

treatment with GHRH (2 weeks) reduces the number o f LH-P mRNA positive 

cells [246]. On the other hand, bovine-based studies demonstrate a short-term (5- 

30 min) increase in LH sérum levels in response to GHRH injection [223], while 

studies on dogs show that GHRH treatment has no significant effect on LH 

release [19]. Interestingly, a combination treatment o f GnRH, corticotropin- 

releasing hormone, GHRH, and thyrotropin-releasing hormone in dogs lead to a 

significantly lower LH release response when compared to GnRH treatment alone

A version of this chapter has been accepted for publication: C.L. Grey, J.P. Chang, 
Growth hormone-releasing hormone stimulâtes GH release while inhibiting ghrelin- and 
sGnRH-induced LH release from goldfish pituitary cells. Gen Comp Endocrinol. (2013, 
http://dx.d0 i.0 rg/l 0 .1016/j .ygcen.2013.02.037).

http://dx.d0i.0rg/l
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[211], suggesting that GHRH may act in conjunction with other endogenous 

pituitary regulatory hormones to modulate the LH response to GnRH.

In goldfish, GnRH is an important neuroendocrine stimulator o f both LH 

and GH release (Chapter 1, Sections 1.4.2 & 1.5.2; [41, 46]). Similarly, gGRLNig 

increases LH and GH sécrétion via direct actions on gonadotropes and 

somatotropes (Chapter 1, Section 1.3; [110,115]). Like other vertebrate Systems, 

synthetic gGHRH increases GH release from goldfish pituitary cells and gGHRH 

stimulation o f zebrafish GHRH receptors expressed in cell expression Systems 

elevates cAMP production [185]. In addition, mRNAs for gGHRH and gGHRH 

receptor are expressed in goldfish pituitary extracts [185], suggesting that 

gGHRH is also a physiological regulator o f GH release in this system.

Reminiscent o f the interactions between GHRH and GRLN in mammals 

[152, 170, 171], treatment with either the PKA-dependent PACAP (Chapter 8 ) or 

the AC activator forskolin (Chapter 5) enhances the GH response to the PKC- 

dependent gGRLNig in goldfish pituitary cells. However, how gGHRH interacts 

with other neuroendocrine stimulators in GH sécrétion, including gGRLN 19, and 

whether gGHRH affects LH sécrétion is unknown in the goldfish. To begin to 

address these gaps in knowledge in the neuroendocrine control of GH and LH 

release in goldfish, I examined the effect o f gGHRH on both GH and LH release 

from primary goldfish pituitary cell cultures, alone and in conjunction with 

gGRLNig and sGnRH. More specifically, experiments in this chapter look at 

whether treatment with gGHRH alters the ability of gGRLNig and sGnRH to 

induce GH and LH sécrétion, using a cell column perifusion protocol which 

allows for easy visualization of hormone release profiles. gGRLNi9  and sGnRH 

were used at maximally effective doses o f  1 and 100 nM, respectively [110, 115]. 

gGHRH was applied at a dose of 100 nM which elicited a maximum or near 

maximum increase in GH sécrétion from goldfish pituitary cells in 4-h static 

incubation experiments [185].
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9.2. Results

9.2.1. gGRLNig induced GH release in the presence o f  gGHRH

Whether gGHRH affected the ability o f gGRLNig to elicit GH release was 

examined first. A 5 min (1 nM) gGRLNig puise was administered 20 min into the 

55 min (100 nM) gGHRH treatment (Fig. 9.1 A). Treatment with gGRLNig alone 

produced a net increase in GH release to approximately 250% pretreatment levels 

while gGHRH alone produced a net GH response of approximately 160% 

pretreatment (Fig. 9.1 A & B). The combination o f gGRLNig and gGHRH induced 

a net GH response of approximately 430% when quantified over the total 55 min 

duration o f gGHRH presence, and this total net response was statistically différent 

from that to gGHRH treatment alone but not gGRLNig alone (Fig. 9.1 A & B). 

When only the net responses to gGRLNig applied in the absence and in the 

presence of gGHRH were compared (i.e., quantified over the 35 min foliowing 

gGRLNig application), no statistical différence between these values was 

demonstrated (Fig. 9.1B, inset). These results demonstrated that gGRLNig was 

able to induce significant increases in GH levels in the presence of gGHRH.

These experiments were performed using pituitary cells from fish at early stages 

of gonadal recrudescence (December and January).

9.2.2. sGnRH induced G H  release in the presence o f  gGHRH

The influence o f gGHRH on the ability of sGnRH to induce GH release 

was investigated next using a similar protocol as with the experiments with 

gGRLNig above. Treatment with a 5-min puise o f 100 nM sGnRH alone 

produced a net GH release response o f approximately 300% pretreatment (Fig. 

9.2A & B). Treatment of 100 nM sGnRH alone resulted in a net increase in GH 

sécrétion o f approximately 425% pretreatment (Fig. 9.2A & B). When quantified 

over the entire duration o f gGHRH application, co-treatment with both gGHRH 

and sGnRH did not lead to a response greater than either treatment alone (Fig.
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9.2A & B). Importantly, when only the GH release responses following sGnRH 

applications were quantified (i.e., over the 35 min following sGnRH application), 

no significant différence was observed between those elicited by sGnRH alone 

and sGnRH applied in the presence o f gGHRH (Fig. 9.2B inset). These results 

indicate that sGnRH was able to elicit a GH response in the presence of gGHRH. 

These experiments were performed using pituitary cells from fish at stages of 

gonadal régression (May and June).

9.2.3. gGRLNig and sGnRH failed to induce LH release in the presence o f  GHRH

To examine the potential effects o f GHRH on LH release, I also analyzed 

the samples collected in the above experiments for LH. As expected based on 

results in Chapter 3, 1 nM gGRLNig induced a net LH release response of 

approximately 170% pretreatment (Fig. 9.3). Likewise 100 nM sGnRH elicited a 

net LH response o f approximately 100% pretreatment (Fig. 9.4). On the other 

hand, gGHRH treatment alone produced a cumulated net réduction in LH values 

(net change = -74 ± 20% pretreatment levels, p=0.002 vs. no change or a value of 

zéro, pooled results from Fig. 3 & 4, n=16, single sample t-test). Interestingly, 

neither gGRLN 19 nor sGnRH treatment caused significant increases in LH release 

when applied in the presence o f GHRH. The quantified responses to the 

combination treatment of either gGRLNig or sGnRH with gGHRH were similar to 

those o f gGHRH alone and ail were significantly lower than responses to 

gGRLNig or sGnRH alone, regardless of whether the responses were quantified 

over the équivalent time of the entire gGHRH application or just following the 

application of either gGRLNig or sGnRH (Fig. 9.3B & 9.4B, and insets). These 

results demonstrated an inhibitory effect for gGHRH on stimulated and basai LH 

release.
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9.3. Discussion

In this chapter, I have set out to elucidate gGHRH effects on goldfish 

pituitary cells, specifically examining if it could induce changes in GH and LH 

release from primary pituitary cell cultures and how it may interact with two other 

endogenous stimulators o f GH and LH sécrétion, gGRLNig and sGnRH. Results 

not only further our understanding of gGHRH action but also have important 

implications on the neuroendocrine régulation o f GH and LH release.

Early GH release studies with biochemically purified “carp GHRH” and 

“salmon GHRH” suggest that fish GHRH are weak stimulators of GH release in 

teleosts [30, 36, 264]. However, current molecular evidence indicates that these 

molécules are not genuine fish GHRHs but are related peptides in the 

PACAP/GHRH family, and should better be termed PACAP-related peptides 

[302]. Results from 4-h static incubation experiments, using authentic gGHRH 

synthesized based on genomic information, indicate that gGHRH is an effective 

stimulator o f GH release from goldfish pituitary cells [185]. Results from this 

thesis chapter not only supports the idea that gGHRH is a stimulator o f GH 

release from goldfish pituitary cells but also provides information on the kinetics 

of the GH response to this peptide. The response to gGHRH is biphasic and 

consists o f an immédiate increase in GH sécrétion to a peak magnitude within 5 

min (the time resolution limit o f the expérimental protocol) and this is followed 

by a decrease in GH sécrétion upon continuai exposure to gGHRH (Fig. 9.1 A & 

9.2A). When quantified, the net GH response to 100 nM gGHRH in experiments 

performed using pituitary cells from fish with regressed or regressing gonads was 

twice that o f experiments performed using cells with gonads at early 

recrudescence (Fig. 9.1 A & 9.2A; regressed: 306 ± 43% pretreatment; early 

recrudescence: 161 ± 26% pretreatment; p = 0 .0 1 2 , regressed vs. early 

recrudescence, unpaired r-test). These results indicate a potential seasonal 

reproductive différence in the effectiveness of gGHRH in this respect. The
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neuroendocrine basis for these seasonal changes to gGHRH effectiveness is 

unknown but the effects o f gonadal steroids may play a rôle. For example, in 

mice removal o f the gonads impairs the maturation o f GHRH neurons, 

specifically altering the developmental changes o f action potential frequency and 

voltage-dependent potassium current [105]. In addition, castration o f mice 

reduces the percentage o f GHRH responsive cells in pituitaries, while 

ovariectomy leads to an increase in the percentage o f GHRH-responsive cells; 

effects which can be reversed with treatment o f either testosterone or estradiol, 

respectively [275] and support a steroid dependency and/or modulation o f cells 

specifically responding to GHRH in the pituitary. In the goldfish there are also 

many seasonal différences in hormone responsiveness at the level o f the pituitary 

related to seasonal changes in reproduction and growth [56, 315]. For example, 

DA is more effective in stimulating GH release from goldfish pituitaries collected 

from sexually regressed than in sexually matured fish [343]; whereas castration 

enhances the GH-release response to DA D1 stimulation [344], On the other 

hand, castration reduces the GH response to sGnRH [344] while direct 

applications o f estradiol enhances the ability o f sGnRH to increase GH release 

from dispersed goldfish pituitary cells [28]. These observations, when taken 

together, are consistent with the possibility that gonadal steroids play a rôle in the 

modulation o f the seasonal variations in GH-release responsiveness to GHRH 

treatment in the goldfish.

Our findings also demonstrate that gGRLN 19 and sGnRH are able to 

further stimulate GH release in the presence o f gGHRH. These results are 

consistent with the known mechanisms of GHRH and GRLN actions on GH 

release in général, as well as the known signalling transduction coupling of 

sGnRH in goldfish somatotropes. GHRH has been shown to signal through PKA 

in mammals [126]. Likewise, various non-mammalian GHRHs, including 

gGHRH, increase intracellular cAMP levels in zebrafish GRHR receptor
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expression Systems [185], thus PKA likely médiates gGHRH-stimulated GH 

release in goldfish pituitary cells, although this has not been directly examined.

On the other hand gGRLN 19 and sGnRH are known to signal GH release via the 

PKC pathway, independently o f PKA (Chapter 5; [111]). Because o f the use of 

separate signalling pathways, the ability of gGRLN 19 and sGnRH to increase GH 

release in the presence o f gGHRH is not surprising.

However, results with gGHRH and gGRLN 19 are at odds with findings in 

mammalian models demonstrating synergistic or potentiating interactions 

between GHRH and GRLN on GH release [126, 301]. Work with goldfish 

pituitary cells also showed that the adenylate cyclase activator forskolin (i.e.,

PKA activation and presumably mimicking gGHRH signalling) potentiates 

gGRLN^ stimulation o f GH release (Chapter 5). Thus the inability o f gGHRH to 

potentiate gGRLNi9 stimulation of GH release is surprising and suggests the 

existence of species différences in how GHRH and GRLN may interact in terms 

of GH sécrétion. Studies directly examining the mechanisms o f gGHRH actions, 

as well as further understanding of gGRLN 19 signalling in goldfish pituitary 

somatotropes will be needed to understand why such différences in GHRH effects 

exist.

In addition to the effects on GH release, the current work demonstrates for 

the first time that gGHRH has an inhibitory effect on both gGRLNig- and sGnRH- 

induced LH release, as well as basai LH release levels. The magnitude o f the net 

gGHRH-induced changes in LH release also did not vary between data obtained 

in early recrudescence ( - 8 8  ± 37 %; Fig. 3) and gonadal régression (-55 ± 18 %; 

Fig. 4; p = 0.439 vs. early recrudescence, unpaired /-test). These observations 

suggest that gGHRH is a négative neuroendocrine modulator o f stimulated and 

basai LH sécrétion. Since this is the first study to examine the direct in vitro 

effects o f GHRH on stimulated LH response in any species, we cannot rule out 

the possibility that these inhibitory actions may be spécifie to gGHRH action in
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the goldfish pituitary. However, while injection of GHRH alone has no effects on 

basai LH levels in dogs, co-injection of CRH, GHRH, TRH, and GnRH leads to a 

decrease in LH release response when compared to GnRH-induced LH release 

alone [79]. In addition, long-term exposure to GHRH reduces the number o f LH- 

P mRNA positive cells in rat pituitary cultures [246]. Whether gGHRH affects 

LH-p mRNA expression in goldfish gonadotropes is unknown but since the 

présent protocol only utilized a relatively short (20 min) gGHRH pretreatment, 

réduction of gene expression is unlikely to be the reason behind its inhibitory 

actions on sGnRH- and gGRLN 19-stimulated LH release. Nevertheless, the 

results in mammals are consistent with the idea that GHRH may be inhibitory to 

gonadotrope functions in a number o f vertebrate species. Whether gGHRH acts 

directly on goldfish gonadotropes and how its inhibitory influence on LH 

sécrétion is manifested requires further studies, but the presence of GHRH 

receptors on a subset o f rat gonadotropes supports the idea that GHRH directly 

affect gonadotrope functions [64, 65]. Since both gGRLNiç and sGnRH use PKC 

and NO signalling to elicit LH sécrétion in goldfish (Chapters 5 and 7; [46, 111,

114]), whether gGHRH’s inhibitory effect is restricted to neuroendocrine 

stimulators that utilize these transduction mechanisms is also another important 

question to be addressed.

This study represents the first time that the direct pituitary effects of 

GHRH on both GH and LH release and the interactions of GHRH with other 

known stimulatory neuroendocrine regulators have been investigated in any 

teleost species. Results support a rôle for gGHRH in both GH and LH régulation 

in the goldfish pituitary. Possible seasonal différences in the effectiveness of 

gGHRH in stimulating GH sécrétion and the ability o f two stimulators o f GH 

release (gGRLNig and sGnRH) to elicit increases in GH sécrétion in it presence 

are revealed. Importantly, gGHRH is shown to be an inhibitor of basai and 

stimulated LH release. This resembles the actions o f another known
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hypothalamic neuroendocrine factor that directly inhibits LH release, that o f DA 

D2 mechanism which also affects both basai and stimulated LH sécrétion [46]. 

Taken together with the fact that gGHRH and gGHRH-receptor mRNAs are 

expressed in goldfish pituitary tissues [185], gGHRH is likely to be a 

physiological neuroendocrine factor for the régulation o f GH and LH release in 

this System. Although elucidating the exact physiological rôle of gGHRH in the 

multifactorial neuroendocrine régulation o f GH and LH release requires more 

thorough examinations in the future, some postulations can be made. Goldfish in 

the temperate climate is a seasonal breeder with spawning occurring in spring and 

the major period o f somatic growth in the summer. With its increased 

effectiveness in eliciting GH sécrétion during the spring/summer transition and 

the ability to inhibit stimulated LH response, and especially o f  sGnRH, gGHRH 

may play an important rôle in the co-ordination o f growth and reproduction.

From an energy expenditure perspective, it would be bénéficiai for an organism to 

inhibit the stimulation o f reproduction during times of rapid somatic growth and 

physical development. Regardless of whether this hypothesized rôle o f gGHRH 

is true, it would be important in future studies to examine the intracellular 

signalling pathways involved in both gGHRH-induced GH release and if s  

inhibition of basai and stimulated LH release responses. Studies into possible 

seasonal différences in gGHRH interactions with gGRLNig, sGnRH and other 

neuroendocrine regulators on LH and GH will also be important to fully 

understand the effects o f gGHRH in growth and reproduction in this species.
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Fig. 9.1. gGRLN | 9  stimulâtes GH release in the presence o f  gGHRH. gGHRH (black bar; 100 
nM) was administered 20 min prior to a 5-min puise o f gGRLN 1 9  (arrow; 1 nM). GH release 
profiles are shown in panel A while the quantified net responses are shown in panel B. Net 
GH responses were quantified for gGHRH alone, gGRLN t9 alone, and gGHRH with 
gGRLN 19  over the équivalent duration o f gGHRH exposure (area between vertical dotted 
lines), as well as for gGRLN ) 9  in the absence or presence o f gGHRH over the 35 min 
following gGRLN ) 9  exposure (indicated by the horizontal bracket). Pretreatment average 
(first 5 fractions) was 1.34 ± 0.11 ng/ml. Data are presented as mean ± SEM (4 separate 
experiments performed in December and January, n=8 ). Net response values statistically 
différent from each other have différent letters o f  the alphabet (P<0.05; ANOVA followed by 
Tukey test, main panels; unpaired f-test, inset).
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Fig. 9.2. sGnRH does not further stimulate GH release in the presence o f gGHRH. gGHRH 
(black bar; 100 nM) was administered 20 min prior to a 5-min puise o f sGnRH (arrow; 100 
nM). GH release profiles are shown in panel A while the quantified net responses are shown 
in panel B. Net GH responses were quantified for sGnRH alone, gGHRH alone, and sGnRH 
with gGHRH over the équivalent duration o f gGHRH exposure (area between vertical dotted 
lines), as well as for sGnRH in the absence or presence of gGHRH over the 35 min following 
sGnRH exposure (indicated by the horizontal bracket). Pretreatment average (first 5 
fractions) was 7.64 ± 0.65 ng/ml. Data are presented as mean ± SEM (n= 8  from 4 separate 
experiments performed in May and June). Net response values statistically différent from 
each other have différent letters o f  the alphabet (P<0.05; ANOVA followed by Tukey test, 
main panels; unpaired /-test, inset).
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Fig. 9.3. gGRLN,9fails to induce significant LH release in the presence o f  gGHRH. gGHRH 
(black bar; 100 nM) was administered 20 min prior to a 5-min puise o f gGRLNi9  (arrow; 1 
nM). LH release profiles are shown in panel A while the quantified net responses are shown 
in panel B. Net LH responses were quantified for gGRLN t 9  alone, gGHRH alone, and 
gGRLN ) 9  with gGHRH over the équivalent duration o f gGHRH exposure (area between 
vertical dotted lines), as well as for gGRLN i9  in the absence or presence of gGHRH over the 
35 min following gGRLN 1 9  exposure (indicated by the horizontal bracket). Pretreatment 
average (first 5 fractions) was 5.79 ± 0.52 ng/ml. Data are presented as mean ± SEM (n= 8  

from 4 separate experiments performed in December and January). Net response values 
statistically différent from each other have différent letters o f  the alphabet (P<0.05; ANOVA 
followed by Tukey test, main panels; unpaired /-test, inset).
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Fig. 9.4. sGnRH fails to induce a significant LH release response in the presence o f gGHRH. 
gGHRH (black bar; 100 nM) was administered 20 min prior to a 5-min puise o f  sGnRH 
(arrow; 100 nM). LH release profiles are shown in panel A while the quantified net responses 
are shown in panel B. Net LH responses were quantified for sGnRH alone, gGHRH alone, 
and gGHRH with sGnRH over the équivalent duration o f gGHRH exposure (area between 
vertical dotted fines), as well as for sGnRH in the absence or presence o f gGHRH over the 35 
min following sGnRH exposure (indicated by the horizontal bracket). for statistical analysis. 
Pretreatment average (first 5 fractions) was 1.58 ± 0.10 ng/ml. Data are presented as mean ± 
SEM (n= 8  from 4 separate experiments performed in May and June). Net response values 
statistically différent from each other have différent letters o f  the alphabet (P<0.05; ANOVA 
followed by Tukey test, main panels; unpaired /-test, inset).
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Chapter 10 -  Interactions between gGRLNig, sGnRH, and cGnRH-II in the 

régulation of GH and LH release in goldfish pituitary cells

10.1. Introduction

As reviewed in Chapter 1, Sections 1.4.2 and 1.5.2, and references [41,

46], neuroendocrine régulation of GH and LH release in goldfish is multifactorial. 

Among the known neuroendocrine regulators, several stimulate both GH and LH 

sécrétion. These include sGnRH, cGnRH-II, PACAP and gGRLNig, and 

individual goldfish somatotropes and gonadotropes can respond to ail o f these 

ligands in terms of increases in [Ca2+],. Thus, knowing how each o f these 

regulators exerts its effects at the cellular and intracellular level, as well as how 

they interact to affect GH and LH sécrétion at the level of pituitary cells, are 

essential for understanding the multifactorial neuroendocrine régulation of 

pituitary hormone sécrétion.

It has been established that sGnRH and cGnRH-II stimulatory actions on 

GH and LH sécrétion are mediated by overlapping, as well as ligand- and cell- 

type-specific, signalling cascades (reviewed in Chapter 1, Sections 1.4.2 & 1.5.2; 

[41, 46]). Briefly, sGnRH and cGnRH-II both increase GH and LH release from 

goldfish pituitary cells via LVSCC- and PKC-dependent pathways, but not PKA.
j

However, différences in properties o f the intracellular Ca stores utilized by these 

two regulators exist in GH and LH cell types [41, 46]. In addition, only sGnRH- 

induced LH release involves AA [41, 46]. Furthermore, while iNOS/NO 

signalling is involved in both sGnRH and cGnRH-II actions on GH release [324, 

325], NO only participâtes in sGnRH-induced, but not cGnRH-II-stimulated, LH 

release [2 1 2 ].
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Results from Chapters 3 to 7 have also revealed that gGRLNig stimulâtes 

GH and LH sécrétion by direct actions on goldfish pituitary cells via common, as 

well as cell-type-specific, intracellular signalling pathways. While gGRLN19- 

induced GH and LH release both involve increased Ca2+ entry through LVSCCs 

and the activation of PKC, gGRLN 19-elicited LH sécrétion has an additional PKA 

component (Chapters 3 to 5). Furthermore, although NOS/NO pathway is utilized 

by gGRLNig in both GH and LH release, the NOS isoform involved differs, with 

nNOS being critical in gGRLN 1 9-induced GH release (Chapter 6 ) and iNOS in 

gGRLN 1 9-induced LH release (Chapter 7).

It is évident that although signal transduction pathways mediating sGnRH, 

cGnRH-II and gGRLNig pituitary actions in goldfish share common elements, 

such as PKC and LVSCC, différences also exist. In goldfish pituitary cells, PKC 

and PKA form two largely distinct pathways leading to additive GH, as well as 

LH, release [53, 54, 57, 347]. For example, PACAP and GnRH produce additive 

GH and LH release responses due to their differential use o f PKA and PKC 

signalling, respectively [41, 46, 53, 54, 347]. Likewise, results from Chapter 8  

demonstrate that PACAP enhances gGRLN 19-induced GH release, which may 

also reflect their differential use o f intracellular signalling. When these 

observations are viewed together, the presence of non-overlapping intracellular 

signalling components suggests that gGRLN 19 may interact with GnRH in the 

control of goldfish pituitary hormone sécrétion.

To further understand gGRLNig action in the multifactorial 

neuroendocrine control o f GH and LH release in goldfish, I examined the 

combined actions o f gGRLNig and either sGnRH or cGnRH-II on GH and LH 

release from primary cultures o f dispersed goldfish pituitary cells in column 

perifusion experiments. Two treatment protocols, i.e., a 5-min gGRLNig puise 

applied in the middle o f a longer GnRH treatment and the reverse application 

paradigm, were used to more thoroughly investigate their possible interactions.
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10.2. Results

10.2.1. Effects o f  co-treatment o f  gGRLN 1 9  and cGnRH-II on G H  and LH release

I began by examining the interactions between gGRLNig and cGnRH-II 

using maximally stimulating doses o f 100 nM for cGnRH-II [37] and 1 nM for 

gGRLNiç [110, 115, 320]. The first experiment employed a 5-min puise of 

gGRLNi9 administered 20 min into a 50 min cGnRH-II treatment (“forward 

paradigm”; Fig. 10.1 A&B). In contrast to application of gGRLNig alone where a 

rapid élévation in GH release (“peak response”) can be seen within the 5-10 min 

following gGRLNig treatment (closed squares Fig. 10.1A), no such increase was 

seen when gGRLNiç was applied together with cGnRH-II (closed triangles Fig. 

10.1 A). The net GH responses to gGRLNig alone, cGnRH-II alone, and the 

combined gGRLNiç and cGnRH-II treatment were ail o f similar magnitude (-300 

- 400% pretreatment) and not significantly différent from one another when 

quantified over the équivalent time duration of the 50 min cGnRH-II application. 

To examine the possible influence of treatment order, a “reverse paradigm” was 

also employed in which a 5-min puise o f cGnRH-II was applied 20 min into a 50 

min gGRLNig treatment (Fig. 10.1 C&D). Interestingly, the magnitude of net 

increase in the “peak response” to cGnRH-II observed within the 5-10 min 

following cGnRH-II exposure was almost halved when cGnRH-II was applied in 

the presence of gGRLNig (-increase of 150% pretreatment vs. 80% pretreatment; 

closed squares vs closed triangles, Fig. 10.1C). The net GH release response to 

the combined cGnRH-II and gGRLNig treatment (-700%  pretreatment) was 

somewhat larger than those in response to either cGnRH-II or gGRLNig alone 

(-400-500 % pretreatment); but no significant différence was observed between 

these values when quantified over the équivalent time duration of the 50 min 

gGRLNig application.
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Samples from these experiments were also analyzed for LH to examine 

the interactions between gGRLNi9 and cGnRH-II and on LH release from 

goldfish pituitary cells. As expected, gGRLNig and cGnRH-II each increased LH 

sécrétion (Fig. 10.2; [46]). However, the magnitude of the increase in “peak 

response” to gGRLNig and cGnRH-II were greatly attenuated (or abolished) when 

each o f these neuroendocrine regulators were applied in the presence o f the other 

(Fig. 10.2). Furthermore, in both expérimental paradigms, the combined 

neuropeptide applications did not produce net LH release responses that were 

significantly différent to those o f their respective gGRLN jg alone and cGnRH-II 

alone Controls when quantified over the équivalent duration o f either cGnRH-II in 

the “forward” and gGRLNig in the “reverse paradigm”, respectively (Fig. 10.2; 

net GH responses -40-130%  and -60-130% pretreatment, forward and reverse 

paradigm, respectively). Net LH responses to cGnRH-II alone and gGRLNig 

treatments were also not significantly différent from one another in both 

expérimental treatment paradigms (Fig. 10.2).

10.2.2. Effects o f  co-treatments ofgGRLN)ç and sGnRH on G H  and LH release

I next looked at gGRLNig and sGnRH co-treatment. Maximally 

stimulating doses o f 1 nM for gGRLNig [110, 115, 320] and 100 nM for sGnRH 

[37] were used. We employed a 10-min pretreatment protocol in these 

experiments, where a 5-min gGRLNig puise was applied 10 min into a 20 min 

sGnRH treatment (“forward paradigm”) or a 5-min sGnRH puise was applied 10 

min into a 35 min gGRLNig treatment (“reverse paradigm”). Past experiments 

indicated that both a 2 0 -min and 1 0 -min pretreatment time would allow for the 

observation o f additive hormone release responses to gGRLNig, cGnRH-II, or 

sGnRH in perifusion [110, 115, 212],

As expected, gGRLNig and sGnRH were both able to stimulate GH (Fig. 

10.3; [41, 110]) and LH release (Fig. 10.4; [46, 115]) when applied alone.
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Distinct “peak” GH and LH release responses to gGRLNig were not easily 

discemible when gGRLNig was applied in the presence of sGnRH (Fig. 10.3A & 

10.4A); likewise, a distinct “peak” GH response to sGnRH was not apparent when 

it was applied in the presence of gGRLNig (Fig. 10.3C). In addition, the LH 

values in fractions collected 15-35 min following sGnRH application in the 

presence o f gGRLNig were lower than those in the absence o f gGRLNig (Fig. 

10.4C). More importantly, net GH release responses to combined treatment of 

gGRLNig and sGnRH were not significantly différent from responses to the 

corresponding gGRLNig alone and sGnRH alone treatments, in either the 

“forward” or “reverse” paradigm (Fig. 10.3 B & D; net GH responses: -300- 

550% pretreatment, “forward paradigm” experiments; -450-500% pretreatment, 

“reverse paradigm” experiments). Likewise, the net LH responses to combined 

treatment o f gGRLNig and sGnRH were not significantly différent from those to 

either of the peptides alone in both expérimental paradigms (Fig. 10.4 B & D; net 

LH responses: -325-450%  pretreatment, “forward paradigm” experiments; -50- 

1 1 0 % pretreatment, “reverse paradigm” experiments).

10.3. Discussion

Interactions of neuroendocrine actions at the level o f the pituitary play an 

important rôle in the modulation of GRLN action. For example, GHRH 

potentiates GRLN action on GH release in mammals [119, 169]. However, this 

type of enhancement of GH release was not seen in studies with goldfish using 

gGHRH and gGRLNig (Chapter 9). On the other hand, pretreatment with PACAP 

enhanced gGRLNjg-induced GH release from goldfish pituitary cells in perifusion 

(Chapter 8 ). These observations suggest that différences between mammalian 

models and other species exist in terms of how GRLN actions may be modulated 

by neuroendocrine factors. Results from the présent thesis chapter add to our
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understanding of whether two other major neuroendocrine factors known to 

regulate GH and LH release in goldfish, sGnRH and cGnRH-II, may interact with 

gGRLNig in the control o f goldfish GH and LH sécrétion.

sGnRH and cGnRH-II signalling transduction pathways in goldfish 

gonadotropes differ from those o f gGRLNig. These différences include the 

involvement of cAMP/PKA in gGRLNig, but not sGnRH and cGnRH-II, action 

on LH release and the lack of NOS/NO involvement in cGnRH-II-induced LH 

sécrétion relative to that in response to gGRLNig [112, 114, 212, 325]. In 

addition, the pharmacology properties of the NOS involved in sGnRH and 

cGnRH-II action on GH release also differ from that mediating gGRLNig 

stimulation of GH sécrétion, suggesting the use o f an unidentical hormone- 

specific suite of NOS isoforms in somatotropes [112,114, 212, 325]. PKA 

activators (e.g., cAMP analogues) and PKA-utilizing ligands (e.g., PACAP) 

produce LH responses that are addition to those to sGnRH and cGnRH-II in 

previous studies [46, 54, 57], and one would expect a similar interaction with 

gGRLNig and GnRH co-treatment. Furthermore, human GRLN has been shown 

to enhance the in vitro pituitary cell LH release responses to a sGnRH superactive 

analogue in common carp and to mGnRH in rats [83,293]. Surprising, LH 

responses to the combined treatment of gGRLNig and either sGnRH or cGnRH-II 

were not signifïcantly différent from either gGRLNig al one or GnRH alone 

treatments regardless o f the sequence o f neuropeptide application in our 

perifusion studies. It should be noted that the experiments with carp pituitary 

cells [18] were performed over a 10 and 24 h static incubation and thus results 

may not be directly comparable. On the other hand, the two endogeneous 

goldfish GnRHs and gGRLNig also share major intracellular signalling 

components in the form of LVSCC and PKC in goldfish gonadotropes [46, 111]. 

Taken together, these results suggest that PKC/Ca2+ intracellular signalling likely 

play a more important rôle in gGRLNig stimulation of LH release relative to
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PKA, and perhaps NOS/NO, in the goldfish. Similarly, the inability o f gGRLNig 

and either o f the two GnRHs to produce additive GH release responses are 

consistent with the idea that the hormone-releasing actions of these neuropeptides 

converge at major sites involving and/or downstream of PKC, LVSCC (Ca2+) and 

NOS/NO, known common signalling pathways involved in GH release induced 

by these neuroendocrine factors [ 1 1 1 , 1 1 2 ].

Goldfish pituitary tissue expresses gGHSR-la mRNA (Chapter 3; [115]) 

and these receptors are thought to médiate gGRLN 19 actions on somatotropes and 

gonadotropes (Chapters 3 & 4). Although the presence of gGHSR-la on goldfish 

somatotropes and gonadotropes have not been directly determined, these two 

pituitary cell-types expresses GnRH-Rs on their cell surfaces [41, 46, 6 8 ]. 

Whether gGHSR-la and GnRH-R mRNA and/or protein are co-expressed on 

goldfish somatotropes and gonadotropes has not been directly examined; 

however, results from Chapters 3 & 4 demonstrating that Ca2+ signais to 

gGRLNig and sGnRH can be generated in the same identified somatotrope and 

identified gonadotrope support the hypothesis that gGHSR-la and GnRH-Rs are 

présent on the same goldfish somatotropes and gonadotropes. In addition, results 

from the présent thesis chapter are consistent with the idea that gGRLNig and 

GnRH share common readily releasable GH and LH pools and by extension, the 

presence of both gGHSR-la and GnRH receptors on the same goldfish 

somatotropes and gonadotropes.

Mobilization o f Ca from intracellular and extracellular sources îs an 

important element in signal transduction sécrétion coupling in many Systems 

including goldfish somatotropes and gonadotropes [41, 46]. Although gGRLNig 

stimulation o f GH and LH release are accompanied by increases in [Ca2+], levels 

in goldfish somatotropes and gonadotropes in a LVSCC- and PKC-dependent 

fashion [110, 111, 115], whether mobilization of Ca2+ from intracellular Ca2+ 

stores also participâtes in gGRLNig actions on GH and LH sécrétion is not known
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and needs to be determined. Regardless o f the non-additive nature o f the acute 

gGRLNiçrelicited and GnRH-induced GH and LH release, it would also be 

interesting and important in the future to investigate whether the Ca2+ signais 

induced by gGRLNig in goldfish somatotropes and gonadotropes are affected by 

GnRH treatment (and vice versa). Results from such experiments may reveal 

similarities and/or différences in the use o f Ca2+ pools, which can form the basis 

for further studies examining how these pools may be involved in the differential 

régulation o f GH and LH relese by gGRLNi9 . In addition, studies on the longer- 

term interactions between GnRH and gGRLNig on other aspects of gonadotropes 

and somatotropes functions, such as hormone mRNA expression and protein 

synthesis may also be important.

In summary, this is the first study on the interactions between GRLN and 

GnRH action on pituitary GH sécrétion at the level of pituitary cells in any 

vertebrate species and one of a few studies investigating these direct pituitary cell 

level interactions on LH release. Given that gGRLNig likely signais through 

gGHS-Rla [115], and that sGnRH and cGnRH-II utilize GnRH-Rs on goldfish 

pituitary cells to induce hormone release [47, 6 8 , 361], it is unlikely that these 

endogenous regulators compete for ligand binding sites on similar receptors. 

Results are consistent with current knowledge that LVSCC and PKC are critical 

and central intracellular signalling elements in both gGRLNig-induced GH and 

LH release from goldfish pituitary cells, and that these pathways converges with 

similar components in sGnRH and cGnRH-II action on GH and LH sécrétion. 

These findings add to the overall understanding of gGRLNjg action and the 

neuroendocrine régulation o f growth and reproduction at the level o f the pituitary 

and provide a basis for further work on the complex interaction between 

gGRLNjg, the two native GnRH forms, as well as other neuroendocrine factors in 

the control o f pituitary cell functions.
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Fig. 10.1. cGnRH-II and gGRLNi9do not induce additive GH release responses from goldfish 
pituitary cells in either “forward” (A & B, a 5-min puise o f  gGRLN 1 9  (arrow; 1 nM) applied 
20 min into a 50 min cGnRH-II (black bar; 100 nM) treatment) or “reverse” (C & D, a 5-min 
puise o f cGnRH-II (arrow; 100 nM) applied 20 min into a 50 min gGRLN ) 9  (black bar; 1 nM) 
treatment) paradigms. (B&D) Net GH responses were quantified (area between vertical dotted 
lines) for cGnRH-II alone, gGRLN 1 9  alone, and cGnRH-II with gGRLN 1 9  for statistical 
analysis. Pretreatment average (first 5 fractions) was 0.55 ± 0.03 ng/ml and 10.3 ± 0.75 ng/ml 
for “forward” and “reverse” paradigms, respectively. Data are presented as mean ± SEM (4 
separate experiments were performed in November and between May-June, for “forward” and 
“reverse” paradigms respectively, n= 8 ). Net response values that are not statistically différent 
from each other share the same letter o f  the alphabet (P<0.05; ANOVA).
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Fig. 10.2. cGnRH-II and gGRLN|9do not induce additive LH release responses from goldfish 
pituitary cells in either “forward” (A & B, a 5-min puise o f gGRLN 1 9  (arrow; 1 nM) applied 
20 min into a 50 min cGnRH-II (black bar; 100 nM) treatment) or “reverse” (C & D, a 5-min 
puise o f cGnRH-II (arrow; 100 nM) applied 20 min into a 50 min gGRLN ) 9  (black bar; 1 nM) 
treatment) paradigms. (B&D) Net LH responses were quantified (area between vertical 
dotted lines) for cGnRH-II alone, gGRLN1 9  alone, and cGnRH-II with gGRLNi9  for statistical 
analysis. Pretreatment average (first 5 fractions) was 5.63 ± 0.50 ng/ml and 1.92 ± 0.06 ng/ml 
for “forward” and “reverse” paradigms, respectively. Data are presented as mean ± SEM (4 
separate experiments were performed in November and between May-June, for “forward” and 
“reverse” paradigms respectively, n=8 ). Net response values that are not statistically différent 
from each other share the same letter of the alphabet (P<0.05; ANOVA).
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Fig. 10.3. sGnRH and gGRLN)9do not induce additive GH release responses from goldfish 
pituitary cells in either “forward” (A & B, a 20 min sGnRH treatment (black bar; 100 nM) 
administered 10 min prior to a 5-min puise o f  gGRLN1 9  (arrow; 1 nM)) or “reverse” (C & D, 
a 40 min gGRLN ] 9  treatment (black bar; 1 nM) administered 10 min prior to a 5-min puise of 
sGnRH (arrow; 100 nM)) paradigms. (B&D) Net GH responses were quantified (area 
between vertical dotted lines) for sGnRH alone, gGRLN [ 9  alone, and sGnRH with gGRLN ( 9  

for statistical analysis. Pretreatment average (first 5 fractions) was 10.59 ± 0.80 ng/ml and 
3.63 ± 0.29 ng/ml for “forward” and “reverse” paradigms, respectively. Data are presented as 
mean ± SEM (4 separate experiments were performed in between Feb-Mar and Jan-Feb, for 
“forward” and “reverse” paradigms respectively, n= 8 ). Net response values that are not 
statistically différent from each other share the same letter o f the alphabet (P<0.05; ANOVA).
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Fig. 10.4. sGnRH and gGRLN t 9  do not induce additive LH release responses from goldfish 
pituitary cells in either “forward” (A & B, a 20 min sGnRH treatment (black bar; 100 nM) 
administered 10 min prior to a 5-min puise o f  gGRLN1 9 (arrow; 1 nM)) or “reverse” (C & D, 
a 40 min gGRLN ) 9  treatment (black bar; 1 nM) administered 10 min prior to a 5-min puise of  
sGnRH (arrow; 100 nM)) paradigms. (B&D) Net LH responses were quantified (area 
between vertical dotted lines) for sGnRH alone, gGRLN 1 9  alone, and sGnRH with gGRLN 1 9  

for statistical analysis. Pretreatment average (first 5 fractions) was 3.41 ± 0.22 ng/ml and 2.92 
± 0.17 ng/ml for “forward” and “reverse” paradigms, respectively. Data are presented as 
mean ± SEM (4 separate experiments were performed in between Feb-Mar and Jan-Feb, for 
“forward” and “reverse” paradigms respectively, n=8 ). Net response values that are not 
statistically différent from each other share the same letter o f  the alphabet (P<0.05; ANOVA).
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Chapter 11 — General Discussion

Co-ordinated régulation of pituitary GH and LH release is critical to many 

physiological processes in vertebrate species, including growth and development. 

The discovery o f the orexigenic peptide GRLN as an endogenous ligand for the 

GHS-R, and as a potent inducer o f GH release and regulator o f  LH release, has 

spurred many studies into these and other functional rôles o f GRLN in the overall 

physiology o f animais; however, its effect on LH sécrétion is controversial in 

mammals (Chapter 1 ). As outlined in Chapter 1, régulation o f GH and LH release 

in vertebrates involves the coordination o f multiple stimulatory and inhibitory 

signais and thus requires complex feedback and regulatory signalling mechanisms 

which must be coordinated for différent hormones and under différent 

environmental and physiological circumstances. Using goldfish pituitary cells, 

this thesis sets out to expand upon our understanding o f GRLN’s ability to 

regulate GH and LH release activity, its intracellular signalling processes, and its 

interactions with several known neuroendocrine regulators o f GH and LH release. 

Results not only support the hypothesis that LVSCCs, increases in [Ca2+]j, PKC, 

PKA, and NO are important pathways in gGRLN 19’s direct action on pituitary 

hormone release but also reveal gonadotrope- and somatotrope-specific 

différences in the involvement o f PKA and NOS isoforms (Chapters 3-7). These 

results represent the first time that the intracellular signalling pathways involved 

in GRLN action on GH and LH release have been examined and elucidated in any 

teleost species. Observations from combination treatments with other 

neuroendocrine regulators suggest that interactions between gGRLNig and GnRH, 

DA and PACAP on GH and LH release are complex and reveal novel inhibitory 

effects o f GHRH on pituitary basai and stimulated LH sécrétion, as well as DA on 

gGRLNjg stimulation o f LH release (Chapters 8-10). These fïndings, when taken 

together with results from gGHS-Rl mRNA expression studies (Chapter 3), add
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to our overall compréhension o f the neuroendocrine régulation of GH and LH 

release, and by extension growth and development in fish and other vertebrates, 

and in particular the possible rôle of GRLN in these processes.

11.1. Expression of gGRLN and the gGHS-R

As outlined in Chapter 1, GRLN has been shown to act directly via the 

GHS-R to signal the release o f GH from pituitary cells in mammals. The fmdings 

in Chapters 3 and 4, when taken together with previous work with GRLN in the 

goldfish [322], support the idea that gGRLNi9 directly signais via the gGHS-Rs 

on goldfish somatotropes and gonadotropes to induce GH and LH release, 

respectively. Complementing the results on pituitary gGHS-Rl mRNA 

expression (Fig. 3.2), responses to gGRLNiç in Ca -imaging studies, as seen in 

Chapters 3 and 4, are very rapid and virtually instantaneous, taking into account
I

the dead-volume of the system. Furthermore, given that this Ca -imaging 

protocol involves the use o f continually replaced bath medium, paracrine effects 

have also been minimized, further supporting direct action in both somatotropes 

and gonadotropes within the goldfish pituitary. In addition, preliminary Western 

blot studies with a mammalian antibody against rat GHS-R1 indicate that gGHS- 

Rl proteins are expressed in goldfish pituitary cells (Appendix Fig. A .l). 

Although the cellular localization of gGHS-Rl protein still remains to be 

confirmed, these results fit in with the concept o f direct gGRLNig pituitary cell 

actions via gGHS-Rl in goldfish, as in other animal models (reviewed in [172, 

230]).

It is interesting to note, however, that a previous study in fish with a GHS- 

R antagonist inhibited gGRLN 19-induced LH, but not GH, release in static 

incubation experiments, thus supporting direct action on the GHS-R in 

gonadotropes but not in somatotropes [322]. Although there are a few possible
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explanations for this discrepancy, the most likely is protocol choice. In the 

current, and in comparable mammalian studies, protocols chosen allow for real- 

time examination of changes in cellular responses over short periods o f time (5
^ i

min for perifusion studies and 15 sec for Ca -imaging studies in the current 

work). On the other hand, static incubations utilized in previous goldfish 

experiments used exposure times o f 2  h, looking at cumulative hormone levels 

[322], The current work also demonstrated that multiple challenges o f GRLN 

resulted in rapid desensitization o f both LH and GH release responses (Chapters 3 

& 4, Figures 3.4 and 4.1). Thus, comparisons between the two protocols are quite 

difficult given the différences in how data were collected and examined. Likely, 

différences in the rates of desensitization and recovery from desensitization, as 

well as both paracrine and autocrine effects might have played a rôle in these 

différences. Indeed, the presence o f both GRLN and its receptor has been 

demonstrated in multiple mammalian tissues (Chapter 1 ), including human 

myometrium [238] and cancer [92, 201] tissue. In addition, both gGRLN and 

gGHS-R mRNAs have been shown to be expressed in the goldfish pituitary 

(Chapter 3), adding support to the possible involvement of paracrine and 

autocrine effects o f gGRLN 19 in long-term incubation studies.

The expression pattems of both gGRLN and the gGHS-R observed in this 

thesis (Chapter 3) are generally consistent with those o f other species, with high 

levels of both the receptor and GRLN found in brain and intestine régions (see 

Chapter 1). This expression pattem makes sense with regards to GRLN’s 

functions as an orexigenic peptide and as a potent stimulator o f GH release. 

Expression of both the receptor and GRLN in heart tissue also fits with current 

evidence supporting GRLN as a modulator of cardiac function (see Chapter 1), 

while expression in the gonads fits with recent work demonstrating that GRLN 

has wide ranging effects on the reproductive axis, from altération o f LH and FSH 

sécrétion to direct action within ovaries [230]. It is interesting that GRLN mRNA
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is up-regulated in zebrafish embryo between 24 hpf and 48 hpf. Current studies 

in humans, focussed on changes in GRLN during development, demonstrate that 

the highest levels o f GRLN are during early post-natal life, coinciding with the 

onset of growth hormone effects on somatic growth [294]. In the zebrafish, 24-48 

hpf coincides with significant somatic growth and neuromuscular development as 

there is continued rapid lengthening o f the body, development of the heartbeat, 

early touch reflex, early motility, rudimentaiy pectoral fins, and pigmentation of 

the retina, body stripes, and tail [161]. Thus, the up régulation of GRLN message 

at this time is likely related to the development of these processes and, given its 

established rôle in cardiac function and GH release [171, 172], it is highly likely 

that GRLN is critically involved in the rapid body lengthening and development 

o f the heart.

That GRLN mRNA is présent in the pituitary supports its action on 

pituitary cells and, given that both GRLN and its receptor are found in this tissue, 

it suggests that autocrine or paracrine effects may also be présent, although this 

would need to be confirmed through future work (also see discussion above). 

GRLN, when modified by the GOAT enzyme, has also been shown to cross the 

blood brain barrier (BBB) [11], and in addition to its presence in the 

hypothalamus and pituitary, it is also produced in the fundus o f the stomach 

[171], suggesting that there are multiple sources o f this hormone acting at the 

level of the pituitary. How these différent sources o f GRLN affect GH and LH 

release is currently unknown, however a recent study examining the transport of 

human GRLN across the BBB in mice has found that the amount o f GRLN 

Crossing the BBB changes in response to energy-related factors [11]. For 

example, obesity in older mice leads to decreases in GRLN transport across the 

BBB while fasting and increased triglycéride sérum levels promote its transport 

[ 1 1 ], suggesting that the energy status changes lead to changes in the amount of
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GRLN available in the brain and, as a resuit, changes in hormone release at the 

level of the pituitary may be directly related to changes in energy status.

11.2. gGRLNiçrinduced GH and LH release

In agreement with mammalian findings, outlined in Section 1.3, work in 

this thesis provides strong support for gGRLN as a reliable stimulator o f GH 

release in the goldfish pituitary, and this effect can be demonstrated in ail 

experiments performed regardless of the time o f the year in which the cell 

préparations were made (Fig. 11.1A). Given that GRLN is able to induce GH 

release in ail vertebrates tested to date [152, 171], it appears that GRLN’s GH 

release ability is well conserved across ail vertebrate species. Comparison of the 

response to net GH responses to 5-min applications of 1 nM gGRLN 19 across ail 

the experiments performed in this thesis revealed that the magnitude o f the GH 

response with pituitary cells obtained from fish in July and August was about 

double those observed with cells prepared from fish in the fall to winter months 

(September to February) although no significant différences can be demonstrated. 

Interestingly, although maximal body growth in goldfish in the temperate zone 

occurs in the summer, sérum GH levels begin to wane by July and August from 

their summer maximum and the GH-inducing abilities o f PACAP, DA, GnRH, 

TRH, and NPY are low [56]. In contrast, increased IGF-1 levels are observed in 

this time o f year [56]. Perhaps the ability of gGRLN ]9  to enhance GH release at 

this time o f the year, coupled with its ability to affect feeding and metabolism, 

plays a rôle in maintaining sérum GH at levels still adéquate for the stimulation of 

IGF release and continuai growth in the late summer period. This idea is 

supported by recent work in Arctic charr demonstrating that prepro-GRLN 

mRNA levels rise during July, peak in Aug, and that maximal growth rates occur 

during this time of year [90]. On the other hand, since acylation of GRLN is
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critical for its GH-inducing activity (see Chapter 1), it is important to follow these 

studies up with the examination o f sérum acylated GRLN levels throughout the 

year (see future directions, Section 11.5.3).

GRLN as a regulator o f LH release has also been established in 

mammalian models, however whether it acts as a stimulator or inhibitor remains 

controversial (Section 1.5). The results in this thesis work support GRLN as a 

direct stimulator o f LH release by action at the level o f the pituitary cells (also see 

Section 11.1 above). In maie rats, however, GRLN has been shown to reduce 

puise frequency o f GnRH [184], GRLN treatment o f hypothalamus fragments 

taken from female rats also demonstrate reduced GnRH sécrétion [83] while 

decreases in LH puise frequency following GRLN treatment have also been 

demonstrated in rats, sheep, monkeys, and humans [230]. Furthermore, GRLN 

treatment has been linked to réduction in FSH sécrétion and hypothalamic Kissl 

mRNA and a delay o f puberty onset [230]. On the other hand, and in agreement 

with the findings in this thesis, GRLN has also been shown to stimulate LH 

release in many animal models, and under différent reproductive conditions 

(Section 1.3.1), and is linked to stimulation of gonadal activity in birds [319]. 

Taken together with current work, it appears that species spécifie, as well as 

gender and gonadal reproductive state-specific, différences in GRLNs régulation 

of the reproductive system exist. Although not a spécifie aim o f the current work, 

analysis of the net LH release data in response to 5-min 1 nM gGRLNig 

applications collected in this thesis revealed that although gGRLNig effectively 

stimulate LH release throughout différent times o f the seasonal reproductive year, 

significant différences exist depending on the time of year the experiments were 

performed (Fig. 11.1). The average magnitude o f the LH response to 1 nM 

gGRLNjg in experiments performed in July and August is significantly lower than 

those observed at the other months of the year. On the other hand, the greatest 

magnitude o f the LH responses to gGRLNig tended to occur in experiments
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performed in the spring (April and May; corresponding to the time o f spawning 

[315]). Likewise, the abilities o f sGnRH, cGnRH-II and PACAP to each induce 

LH release in vitro are also at a maximal at times of late gonadal recrudescence 

and the spawning seasons [193, 276]. Thus it is likely that, in addition to GnRH 

and PACAP, gGRLN 19 also plays an important rôle in the stimulating gonadal 

maturation and reproduction in the goldfish.

The observed seasonal changes in LH release-responsiveness to gGRLN 19 

is quite interesting, as the time of lowest LH response to gGRLN 19 coincides with 

a time in which gGRLN 19-induced GH release is apparently at its largest (Fig. 

11.1). These pattems o f changes in GH and LH responsiveness to gGRLN 19 

throughout the seasonal reproductive/body growth year are consistent with the 

known timing of changes in reproductive readiness and the requirement for 

increasing LH levels to stimulate gonadal recrudescence during winter and final 

oocyte maturation and spawning in spring [56, 315], as well as the rôle o f GH in 

potentiating steroidogenic responses o f the gonads to LH during gonadal 

recrudescence [315] and the assumed importance of GH in somatic growth in the 

summer months [56]. Although these observations are suggestive o f the presence 

o f distinct seasonal effects of gGRLNi9  on pituitary GH and LH release, more 

work is needed to examine these effects fully and to elucidate the mechanisms 

underlying these potential différences.

11.3. Intracellular signalling

Results from this thesis indicate that gGRLN 19 utilizes multiple common, 

as well as cell-type spécifie, intracellular signalling mechanisms to elicit GH and 

LH release (Fig. 11.2 & 11.3).
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11.3.1. Ca2+ and L VSCCS in gGRLN 1 9-induced GH and LH release

It is not surprising that both LVSCCs and entry o f extracellular Ca2+ are 

involved in gGRLN 19-induced LH and GH release (Chapters 3 & 4). As
■j.

mentioned in Chapter 1, Ca is a critical component to vesicle fusion within

pituitary cells, and although both intracellular and extracellular sources may

contribute to this process, the entry o f Ca via LVSCCs is common in many

stimulator pathways, including sGnRH, cGnRH-II, PACAP, and DA actions in

the goldfish pituitary cell system (Fig. 1.7 & 1.8), as well as in other hormone

sécrétion Systems [96, 314]. Hormone sécrétion is also increased with Ca2+

ionophore treatment and application o f a depolarizing dose o f KC1, which 
2 +promûtes Ca entry [41, 46, 141] and, as seen in this thesis, by treatment with the 

LVSCC agonist Bay K8644 (Fig. 3.7 & 4.6). Likewise, treatment with LVSCC 

inhibitors nifedipine and verapamil decreases basai hormone release (Fig. 3.8 & 

4.7), further supporting the rôle of Ca2+ in basai hormone release. These
 ̂I

observations ail indicates a rôle for Ca entry through LVSCC in the control of 

basai as well as gGRLN 19-stimulated GH and LH release. How gGRLN ]9  

enhances LVCSS activity is not known but previous work supports a possible 

involvement of channel phosphorylation and activation through PKC or PKA 

action [41,46], Given that PKC and/or PKA are critical in gGRLN 19-induced 

hormone release (Chapter 5) and that use of LVSCC inhibitors (Chapters 3 & 4) 

and inhibitors of PKC and PKA (Chapter 5) lead to decreased hormone release
T 1

and abolishment o f  increases in [Ca ] j ,  it is highly likely that gGRLN 19-induced
*)+LVSCC activity is related to activation o f these Ca channels via the PKC and/or 

PKA pathway (Fig. 11.2 & 11.3).

Although not examined in the current thesis, intracellular Ca2+ stores are 

also involved in neuroendocrine régulation of GH and LH release from goldfish
-y,

pituitary cells. Multiple, pharmacologically distinct, intracellular Ca stores are
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présent in goldfish pituitary cells and they differentially contribute to the release 

of GH or LH in response to différent neuroendocrine regulators, as outlined in 

Chapter 1 [41, 46, 142, 143, 146]. Evidence from experiments with the GHS 

GHRP- 6  supports that GRLN activity may also involve mobilization of Ca2+ from 

intracellular stores. The [Ca ]j responses to GHRP- 6  in Ca -imaging studies 

using rat somatotropes in primary culture are biphasic (see Sections 1.2.3 and

1.3.2; [25, 121]). It is interesting to note, however, that only doses o f GHRP - 6  at 

10 nM or above produced the first phase response, considered to be intracellular 

Ca2+ dépendent, and only in 12.5 to 36% of cells imaged while second phase 

occurred in 20 to 75% of cells with the same doses [25], suggesting that the 

ability to increase Ca2+ release from intracellular stores is dose-dependent and 

may occur in a sub-set o f somatotropes in response to GHS-R activation.

Whether this intracellular Ca mobilization phase is présent with gGRLNig 

treatment in somatotropes and/or gonadotropes, and is related to the induction of 

hormone release remain be determined. However, results in this thesis do not rule
94- •out the presence o f an intracellular Ca mobilization phase in gGRLNig actions 

on goldfish (Fig. 11.2 & 11.3).

The first phase o f GHRP-6 -induced increase in [Ca2+]i, regarded as the 

intracellular Ca2+-dependent component, occurs within approximately 10 sec of 

the exposure to GHRP - 6  [25]. In comparison, the methods utilized in this thesis 

have a time resolution o f only 15 sec in Ca2+-imaging and 5 min in perifusion 

assays. Although the current work did not demonstrate any significant changes in 

hormone release or [Ca2+]j when gGRLNig was applied in the presence o f LVSCC 

inhibitors or Ca2+-free media, gGRLNig-induced GH and LH release were slightly 

larger than the response with Ca2+-ffee media alone (Fig. 3.6 & 4.4). Although
9 4not significantly différent, the quantified [Ca ]i signal in gonadotropes was 

generally greater following nifedipine plus gGRLNig treatment compared to that 

observed with nifedipine alone (Fig. 3.9). Perhaps further experiments with finer
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time resolution may help to reveal an intracellular Ca2+-dependent element in the
9 +early part o f the [Ca ]j response.

Very few studies have followed up on the involvement of intracellular
"y i

Ca stores in GRLN and GHS-R activity, but one study, using rat pancreatic
9 +AR42J cells, confirms a biphasic C a  response for GRLN treatment, with an 

initial transient rise followed by a sustained increase in [C a 2+]j [178]. This study 

also finds that removal o f extracellular C a 2+ abolished the GRLN-induced 

sustained increase in C a  while maintaining the transient rise [178], supporting a
9 .

model in which initial GRLN treatment signais entry o f Ca via VSCCs and 

release o f Ca2+ from intracellular stores, followed by further release of 

intracellular Ca2+ in response to this initial rise. Whether this model applies to
91

gGRLN 19 actions on goldfish GH and LH is not known but the idea that Ca 

entry can induce release o f Ca2+ from intracellular stores is not at odds with
9 +current knowledge of goldfish pituitary cells and intracellular Ca stores. Further 

work would be need to examine this possibility as well as the downstream actions
91

of increases in [Ca ]i in général, such as the involvement o f CAM kinases, 

leading to hormone release (see future directions, Section 11.5.5).

11.3.2. PKC and PKA

As indicated by results from Chapter 5, PKC and PKA are differentially 

utilized in GRLN-induced GH and LH release, with PKC signalling being 

involved in both the GH and LH response while PKA only participâtes in the LH 

response (Fig. 11.2 & 11.3). As discussed in Chapter 5, PKC is accepted as the 

major pathway for GRLN-induced GH release, although the involvement o f PKA 

has also been demonstrated. Uniquely, the involvement of PKA in gGRLN 19 

action is related to its effects on gonadotropes, but not somatotropes, in goldfish.

In the goldfish GH and LH release model, PKC and PKA form two major and 

largely independent pathways (Chapter 1). In this system, while sGnRH and
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cGnRH-II utilize PKC, but not PKA, PACAP uses PKA, but not PKC, in both LH 

and GH release (Fig 1.7 & 1.8; [41,46]), results from this thesis represent the first 

time that a neuroendocrine regulator has been shown to utilize both PKA and 

PKC in one, but not another, cell type in teleost pituitary cell study models.

11.3.3. NOS/NO pathway

The current work also demonstrates that the NOS/NO pathway is 

important in gGRLN 19-induced GH and LH release (Fig. 11.2 & 11.3), while the 

différent pharmacological profile o f effective NOS inhibitors reveals a cell-type 

spécifie utilization o f NOS isoforms (Chapters 6  & 7). Thus, these results also 

reinforce the idea that gGRLN )9  utilizes divergent intracellular signalling 

pathways in goldfish gonadotropes as compared to somatotropes. The exact 

identity of the NOS isoforms involved in these gGRLNig actions remains to be 

confirmed but the participation o f nNOS and iNOS, respectively, in the GH and 

LH responses to gGRLN 19 is suggested (Chapters 6  & 7). Interestingly, the 

constitutive (c)NOS, nNOS, is activated by increases in [Ca2+]j in mammalian 

Systems. Whether activation o f NOS during gGRLNig stimulation o f pituitary 

hormone release occurs as a resuit o f the [Ca2+]j increases and/or downstream of 

PKC and PKA, which may drive increased LVSCC activities (Sections 11.3.1), as 

well as the implication of differential PKC and PKA involvement in gonadotropes 

and somatotropes, will be interesting avenues for future investigations.

As already discussed in Chapters 6  and 7, results from this thesis supports 

the idea the NOS/NO signalling is a common feature o f GRLN actions in général. 

Interestingly, GRLN modulation o f cardiac functions also involves increases in 

iNOS gene expression and protein production [297]. On the other hand in H. 

pylori-induced gastritis, which causes damage via lipopolysaccharide-induced 

impairment o f cNOS, GRLN treatment counters impairment o f cNOS activity and 

thus counters the effects o f this infection [291]. The régulation of feeding by
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GRLN, as well as by NPY and CCK, are also linked to nNOS activity. A recent 

study using nNOS knockout mice and ICV administration o f GRLN, NPY, and 

CCK demonstrates that without nNOS, GRLN and NPY fail to induce food intake 

while CCK fails to inhibit food intake [129,227]. Thus, it appears that the 

differential use of NOS isoforms in a target-specific fashion may be one of the 

features o f how GRLN affects a myriad o f physiological functions.

How the differential use of NOS isoforms, and for that matter PKA, by 

gGRLNig in goldfish pituitary hormone release is unknown but given the 

presence of gGHS-R isoforms mRNA in pituitary tissues (Sections 1.1.3.2 & 4.3), 

the presence of cell-type unique receptor isoform(s) may play a rôle. In addition, 

GHS-R heterodimerization may also be involved. As discussed in Section 1.2.3, 

previous work has demonstrated that the GHS-Rla undergoes heterodimerization 

with various other receptors, including DA, 5-HT 2C, and melanocortin 3 

receptors [277], Heterodimerization o f GHS-Rla with DIRs is also associated 

with changes in G-protein coupling from Gai i/q to Gaj/ 0 [134] and 

heterodimerization with D2Rs is also associated with changes in intracellular 

signalling [158]. Since DIRs and D2Rs participate in the régulation o f GH and 

LH release, respectively, from goldfish pituitary cells (Sections 1.4 & 1.5; [41, 

46]), heterodimerization with différent DA receptor types between the two cell- 

types may lead to cell-specific gGRLNig signalling in goldfish somatotropes 

relative to gonadotropes. This hypothesis, however, needs to be tested in more 

détail.
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11.4. Implications of results examining gGRLNig’s interactions with other 

endogenous regulators

Results from Chapters 8  to 10 are largely consistent with the idea that 

gGRLN 19 utilizes PKC in stimulating GH and LH release and that PKA and PKC 

forms largely distinct signalling mechanisms leading to GH and LH release in 

goldfish (Fig. 11.2 & 11.3). For example, gGRLNig (PKC-dependent) can still 

elicit GH and LH release responses in the presence of a PKA-activating 

neuroendocrine factor (PACAP) but not a PKC-activating neuroendocrine factor 

(sGnRH or cGnRH-II). In addition, the ability of PACAP exposure to enhance the 

GH-releasing ability o f gGRLNig in an application-order spécifie manner not only 

illustrâtes the potential importance o f PKA signalling ligands in facilitating 

gGRLNig (PKC)-dependent GH release, but also that the sequence o f exposure to 

these factors, and by implication of the sequence o f activation of intracellular 

signalling pathways, may also be part o f the complexity in neuroendocrine 

régulation by multiple regulators (see Discussion section in Chapter 8 ). However, 

the lack o f potentiating effects o f gGnRH (presumed to be PKA-dependent) on 

gGRLN i9-stimulated GH release, as opposed to that expected based on 

mammalian studies (discussed in Chapter 9), not only reveal species différences 

but also suggest that the presence of ligand-specific interactions of receptor signal 

transduction pathways.

Surprisingly, two sets of observations are not completely consistent with 

the idea that PKC and PKA target pathway-specific releasable hormone pools in 

goldfish somatotropes and gonadotropes, namely DA effects on gGRLNig on GH 

release (Chapter 8 ) and the influence of the two GnRHs on gGRLN 19-induced LH 

release (Chapter 10). While the inability of gGRLNig to further induce LH 

release in the presence o f GnRH is not at variance that both share a common 

PKC-dependent mechanism, and supports the idea that PKC-dependent 

mechanisms are central to the ability of gGRLN 19 to stimulate both GH and LH
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release (Chapter 10), one would have expected at least a partial ability of 

gGRLN 19 to further elicit LH release in the presence o f GnRH. On the other 

hand, GHS-Rs are known to heterodimerize with other receptors, including DA 

receptors, leading to changes in G-protein coupling [277], and this is postulated to 

explain the inability of gGRLNi9 to elicit a GH-release response in the presence 

of DA (discussed in Chapter 8 ). Whether a similar receptor heterodimerization 

and switch in receptor coupling occur during combined treatment with gGRLN 19 

and GnRH occur that leads to the loss o f a significant PKA-dependent component 

in gGRLNig-induced LH release will also be a possibility to consider. 

Interestingly, GRLN also stimulâtes DA release from rat brain [132], while 

pretreatment with a D1R antagonist reduces GRLN-induced food intake [245]. 

Taken together, it appears that there are complex, intercommunicating signais 

between DA, GRLN, pituitary hormone release, and food intake. Once again, 

these différences, although only preliminary in nature at the moment, are likely to 

form the basis for GRLN’s ability to differentially regulate a multitude o f 

physiological process simultaneously, while also enhancing the notion that GRLN 

forms a link between energy status, growth, and reproduction.

In addition to revealing a novel direct inhibitory rôle o f  gGHRH on basai 

and stimulated LH release (Fig. 11.3), results from Chapter 9 has other 

implications. Previous experiments with a presumptive biochemically purified 

carp GHRH indicate that it is only effective in stimulating GH release in goldfish 

with regressed gonads or gonads at very early stages o f recrudescence (Aug to 

Dec). On the other hand, the synthetic gGHRH stimulated GH release in 

experiments in Dec to Jan (early to mid-recrudescence) and in May to June (post- 

spawning and beginning o f gonadal recrudescence) (Chapter 9). These data 

support the idea that the biochemically purified carp GHRH is likely a PACAP- 

related peptide, rather than a genuine GHRH. Given that PACAP-related peptides 

have been identified in a number of vertebrates [303], the rôle of gGHRH and the
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goldfish PACAP-related peptide in the neuroendocrine régulation o f LH and GH 

release requires further examination in the future.

11.5. Future Directions

11.5.1. Identification o f  the gGHS-R on différent pituitary cell-types

The current work has presented strong support for the direct action of 

gGRLNig on both somatotropes and gonadotropes and that this action occurs via 

the gGHS-Rl. It has not, however, confirmed the identity o f the receptors on the 

individual pituitary cell types with any direct method and this is an important 

aspect that needs to be examined in the future.

Although antibodies against mammalian GHS-Rs exist, and at least one of 

which appears to cross-react with gGHS-Rl a, antibodies against mammalian 

GHS-Rs may not adequately differentiate the différent gGHS-R isoforms. Thus, I 

would develop and use antibodies against the gGHS-Rl a and gGHS-R2a, 

preferentially with the ability to differentiate between the truncated and full form 

of the receptors. These antibodies could then be used in conjunction with 

fluorescent stains to identify the nucléus and cell surface proteins (e.g. 

gangliosides), allowing localization and identification o f the cellular expression of 

gGHS-Rs through the use of immunocytochemistry techniques. Since a protocol 

already exists for single cell identification, as utilized in ail fiira-2, AM studies in 

the current work (Chapter 2; [329]), this cell-identification system can be used to 

reveal the presence o f the gGHS-R and its colocalization within the plasma 

membrane of individual goldfish gonadotropes and somatotropes, as well as to 

track the intemalization o f receptors following treatments with neuroendocrine 

factors. Furthermore, use o f enriched GH- and LH-cell fractions, which could be 

obtained via established percoll gradient séparation [43, 329] or other cell sorting
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techniques, followed by co-immunoprecipitation assays with pull-down o f the 

gGHS-R followed by probing for D1R, D2R, PAC1R, and/or other receptor types 

with appropriate antibodies, could be used to support heterodimerization and 

identify any cell-type spécifie différences within gonadotropes and somatotropes. 

In this regard, teleost D1R, D2R and PAC1R cDNAs have been cloned (GenBank 

EF377327.1; [89, 180, 226], EF382625.1; [257], and AF048820.1; [177], for 

goldfish D1R, D2R, and PAC1R, respectively) and it is possible that fish spécifie 

antibodies against these molécules can be raised if antibodies against mammalian 

receptors are not adéquate. This information would greatly add to the current 

work by further supporting the presence of direct gGRLNig action on GH and LH 

cell types within the goldfish pituitary, as well as evaluate cell-type spécifie 

heterodimerizations between gGHS-Rs and other receptors, as hypothesized in 

this thesis (Chapter 8 ). In addition, this will help to clarify the basis o f 

differential signal transduction coupling in gGRLN 19 actions between 

gonadotropes and somatotropes revealed here (Chapters 5 to 8 ) and in a previous 

work with a GHS-R antagonist in goldfish pituitary cells [322]. Since the 

morphology-based single cell identification technique can also accurately identify 

lactotropes, and an enriched lactotropes cell fraction can also be obtained with the 

established percoll gradient séparation [43, 329], one can also extend similar 

studies to these prolactin-containing cells, which would be o f interest given that 

many studies have established GRLN-induced changes in PRL sécrétion (Section

I.3; [230, 327]).

II.5.2. Expression o f  GHS-R: responses to treatments

Results in Chapters 3 ,4 , and 8 , demonstrating rapid desensitization and 

the presence o f différences in the gGRLN 19-induced hormone release responses in 

the presence o f DA or PACAP, clearly indicate that further work examining the 

changes in GHS-R protein expression levels in response to treatments with 

gGRLNiç, as well as other endogenous pituitary regulators, should be done.
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Preliminary data suggest that the levels of gGHS-Rl a-like protein in goldfish 

pituitary cells are differentially modulated by 4-h static incubation treatments with 

various neuroendocrine factors (Appendix Fig. A .l). It appears that 4-h 

exposures to gGRLNig, cGnRH-II, PACAP and DA increase total gGHS-Rl a-like 

protein levels in goldfish pituitary cells, whereas gGHRH reduces it. However, 

these results do not differentiate between gGHS-Rl a-like protein levels in 

différent cell-types, nor do they provide information on the amount o f receptors 

on the cell surface. This information could be greatly expanded upon with other 

experiments. First, further work on the mRNA and protein expression levels o f 

both gGRLNig and the GHS-Rla would be invaluable to define the starting points 

for subséquent work. This can be achieved through the use o f qPCR and Western 

blotting, preferably done throughout the year to be useful in seasonality 

experiments (see 11.5.3 below), and with goldfish-based, and not rat-based, 

antibodies which are not currently available. This should be followed up with an 

examination o f treatment-induced changes, focusing on protein and mRNA 

changes in response to gGRLNjg, DA, PACAP, sGnRH, cGnRH-II, and others, 

both alone and in combination and at various time points. Comparison o f the 

gGHS-Rl a protein levels in plasma membrane préparations relative to total 

protein extracts, coupled with imaging (see Section 11.5.1, above) would provide 

additional information on membrane receptor protein expression and trafficking.

It would also be interesting to follow this work up with examination o f gGHS- 

R l a protein and mRNA expression in tissues extracted from animais under 

différent energy States, which could be established with changes in feeding prior 

to tissue extraction.

11.5.3. Seasonality o f  hormone release responses and expression o f  gGRLN

Given that GRLN is involved in growth, reproduction, and feeding 

behavior, and thus is a potential link between these processes, it is important to 

examine possible seasonal changes in its expression and activity, particularly in
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an organism such as the goldfish which progresses through yearly cycles o f 

gonadal maturation, spawning and régression, as well as seasonal body growth.

To this end, there are many experiments which could be performed. Although 

data from this thesis hinted at the presence of seasonal différences in 

responsiveness in LH, and perhaps GH, sécrétion (Fig. 11.1), this needs to be 

more thoroughly investigated since this was not the focus o f the current work and 

thus data were not extensively taken evenly throughout the year. This work 

would be best followed up by seasonal examination o f acylated and unacylated 

gGRLN as well as gGHS-Rs, both at the mRNA and protein levels at baseline and 

in response to treatments with neuroendocrine factors and changes in energy 

status or feeding. This data can be obtained via qPCR and Western blot.

Particular focus on brain, pituitary, gonadal, and intestinal tissues would be 

prudent, as these tissues represent the major production and targets for GRLN in 

relation to hormone release, reproduction, and feeding behavior [152, 171, 172].

11.5.4. Involvement o f  intracellular Ca2+ stores

Perhaps one o f the foremost ideas on my mind throughout my work was 

the possibility o f differential use of intracellular Ca2+ stores in pituitary 

somatotropes and gonadotropes, in response to gGRLNi9 treatment. As outlined 

in Section 11.3.1, activation of GHS-R produces biphasic [Ca2+]j responses in 

mammals, and these phases have been identified as intracellular and extracellular 

Ca2+ spécifie [25]. Previous work in goldfish pituitary cells also clearly 

demonstrates the existence of pharmacologically distinct intracellular Ca stores 

which are differentially utilized by various pituitary regulators (Chapter 1; [41, 

46]). These are known to be accessed selectively in a ligand- and cell-type 

spécifie manner during sGnRH, cGnRH-II, PACAP, and DA actions [41, 46]. 

Given that the current work demonstrates that gGRLNiç differentially utilizes 

intracellular signalling molécules, such as PKA (Chapter 5) and NO (Chapters 6

7+& 7), it is quite likely that différences in usage of intracellular Ca stores exist as
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well. To start, it would be interesting to examine [Ca ]i responses in GH and LH 

cell types under shorter time periods, such as 5-s data collection, in the fura-2 ,

AM Ca -imaging studies, to identify if biphasic responses are présent in goldfish 

pituitary cells, as seen in mammals. In conjunction with these experiments, the 

use o f pharmacological manipulation of the various pharmacologically distinct 

intracellular stores through the use of a broad spectrum Ca2+ release channel 

blocker, TMB-8 , and intracellular Ca2+-store spécifie drugs BHQ, CPA, caffeine, 

ryanodine, dantrolene, and xestospongin C [41,46] in both perifusion hormone- 

releasing and Ca2+-imaging studies could be used to examine which intracellular 

stores are utilized by gGRLNiç in gonadotropes and somatotropes, and if  any cell- 

specific différences exist. Following these studies, the relationship(s) between 

extracellular Ca2+ entry and the refilling and release o f Ca2+ from stores, as well 

as their relationships with the other known signalling transduction mechanisms 

involved in gGRLNi9 actions can be addressed. These results will further the 

understanding o f gGRLNi9  signalling in goldfish pituitary cells, as well as form 

the basis for future examinations on how gGRLNi9 may interact with other 

neuroendocrine regulators. In addition, such knowledge may also enhance our 

understanding how GRLN action in target tissues other than pituitary cells may be 

manifested.

11.5.5. Other s

Many other experiments come to mind which could provide useful 

information regarding the use o f GRLN in physiological processes. For example, 

both perifusion and Ca2+-imaging work with goldfish pituitary cells, focussing on 

other intracellular signalling components currently known to be involved in 

GRLN signalling, such as 1) AMPK, described as critical to GRLN signalling in 

multiple tissues, including rat hypothalamus, liver, and adipose tissue [190]; 2) 

MAPK, shown to increase with GRLN treatment in cultured porcine ovarian 

granulosa cells [289]; and 3) PI3K, involved in transient (2 h), insulin-induced,
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repression of prepro-GRLN gene expression in hypothalamic cell line neurons, 

mHypoE-38 [8 6 ], would ail be appropriate. Interestingly, MAPK (especially 

ERK1/2) and PI3K have also been shown to play a rôle in the neuroendocrine 

régulation of goldfish pituitary LH and GH release and/or gene expression [41, 

46],

As with GRLN, obestatin is also reported to be a regulator o f appetite and 

GH sécrétion. Although the effects of obestatin are controversial at the moment, 

it is generally thought to have opposite effects to GRLN, acting to inhibit GH 

release and to reduce feeding behavior [118]. Despite evidence that obestatin 

binds its own receptor, the GPR39, and that its ability to inhibit GH release from 

the pituitary occurs indirectly, at the level o f the hypothalamus, it has also been 

shown to directly compete with GRLN for binding to the GHS-R in pancreatic 

cell lines [107, 118]. Given that support is présent for GRLN directly acting 

through the GHS-R in pituitary cells, both in fïsh (Chapter 3) and in mammals 

(Chapter 1.3; [169, 171], it would also be very interesting to examine the 

interactions between gGRLNig and obestatin, in similar protocols to those used in 

this thesis, examining any changes to both GH and LH release, and associated 

changes in Ca2+ signais, using goldfish pituitary cells.

Foliowing up on GRLN’s rôle in reproduction, as shown through the 

stimulation o f goldfish LH release demonstrated in this thesis and via activity in 

the gonads, placenta, and in parturition in mammals [230, 319], further work on 

gender spécifie effects o f gGRLNiç would be interesting. In particular, changes 

in estradiol and testosterone levels of goldfish, in response to gGRLNiç treatment, 

would be a strong initial experiment into the gonadal effects o f this peptide. 

Exploration into gender spécifie différences in gGRLNi9-induced GH and LH 

release, particularly in a seasonal manner, would also prove interesting, forming a 

complément to those proposed in Sections 11.5.2 and 11.5.3, and together will
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provide a better understanding on gGRLNiçTs overall rôle in the régulation of 

reproduction in goldfish.

11.6. Conclusion

Overall, novel results as presented and discussed in Chapters 3-10 in this 

thesis work has significantly added to our understanding of the complex 

régulation o f not only GH and LH release, but also how signalling o f gGRLN 19, a 

hormone with far reaching physiological functions and effects, occurs within 

spécifie cell-types. The results support gGRLN 19 as a potent stimulator of GH 

and LH release, signalling through GHS-Rs, which induces Ca2+ entry via 

LVSCC and PKC in both gonadotropes and somatotropes while utilizing cell-type 

spécifie NOS isoforms and the PKA pathway to achieve differential modulation 

of activity (Fig. 11.2 & 11.3). Furthermore, current work identifies PACAP as an 

endogenous potentiator o f gGRLN 19-induced GH, but not LH, release in a 

treatment spécifie manner while demonstrating that sGnRH and cGnRH-II do not 

modulate gGRLN 19’s stimulatory effects on pituitary hormone release. DA has 

been shown to significantly reduce gGRLN 19-induced LH release, while not 

inducing significant increases in gGRLN 19-induced GH release, identifying a 

manner in which gGRLN 19 action on gonadotropes can be modulated without 

changing its GH-releasing effects. Finally gGHRH has been revealed as a novel 

inhibitor o f basai and gGRLN 19-induced LH release, while not significantly 

altering gGRLN 19-induced GH release. Together, a model has been identified in 

which gGRLNig is able to differentially modulate GH and LH release in multiple 

ways and, given GRLN’s orexigenic activity, these différences are almost 

certainly related to energy status and the various inputs received for différent 

physiological reasons in the pituitary, which require différent responses in GH 

and LH release (Fig 11.2 - 11.4). The findings in this thesis contribute to an
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overall understanding of pituitary hormone release, control o f growth and 

reproduction, and differential, cell-specific, signalling within endocrine cells 

while providing a foundation for a great deal o f future work, not only on GRLN 

action but also differential signalling and the modulation of pituitary hormone 

release and hormonal régulation o f physiological fonctions, in général.
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Fig 11.1. Seasonal averages o f  gGRLN 1 9 -induced hormone release. Averages (mean ± SEM) of 
1 nM, 5-min application, gGRLN19-induced hormone release responses from experiments 
presented in Chapters 3-10 were grouped into two-month periods and analyzed. Différent 
letters o f  the alphabet identify groups that are significantly différent (P < 0.05; Kruskal- 
Wallice and ANOVA tests for GH and LH, respectively).
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Fig 11.2. A proposed m odel o f  gGRLNm signalling within goldfish  som atotropes. gG R L N  |9, 
likely activâtes the G H S-R  to induce GH release via enhanced Ca"* entry through L V SC C s and 
the stim ulation o f  PK.C- and nN O S/N O -dependent pathways. gGRLN 19 and the tw o G nRH s share 
a sim ilar PKC-dependent releasable GH pool. Potentiation o f  gG RLN ,9-induced GH release can 
be effected by pre-exposure to PACA P, signalling via PKA and likely occurring through the 
PAC1 receptor. Potential heterodim erization with the D1R has not been show n, but m ay play a 
signifïcant rôle in GH régulation.
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w ell as that o f  D A -D 2R  activation, are also depicted (diam ond-ended lines). Potential 
heterodim erization with the D2R has not been show n here, but m ay play a significant rôle in LH 
release régulation.



213

gGRLN

PACAP
Food intake

gGHRH

Glucose 
metabolism 

/  energy

A

V J

Fig 11.4. A working m odel dem onstrating links betw een gG RLN ig, growth, reproduction, and 
energy levels in goldfish  and m odulation o fg G R L N lO  action by gG HRH, DA, and PACA P. 
Inhibitory influences o f  D A  and gG HRH  on LH responses are indicated by the T -ended lines.



214

Chapter 12 -  References

[1] Altier, C., Zamponi, G.W., Signaling complexes of voltage-gated calcium 

channels and G protein-coupled receptors. J Recept Sig Transd. 28 (2008) 

71-81.

[2] Âlvarez, Y.D., Marengo, F.D., The immediately releasable vesicle pool: 

highly coupled sécrétion in chromaffm and other neuroendocrine cells. J 

Neurochem. 116 (2011) 155-163.

[3] Amano, M., Moriyama, S., Iigo, M., Kitamura, S., Amiya, N., Yamamori, 

K., Ukena, K., Tsutsui, K., Novel fish hypothalamic neuropeptides 

stimulate the release o f gonadotrophins and growth hormone ffom the 

pituitary of sockeye salmon. Journal of Endocrinology. 188 (2006) 417- 

423.

[4] Andersson, U., Filipsson, K., Abbott, C.R., Woods, A., Smith, K., Bloom, 

S.R., Carling, D., Small, C.J., AMP-activated protein kinase plays a rôle in 

the control o f food intake. J Biol Chem. 279 (2004) 12005-12008.

[5] Ariyasu, H., Takaya, K., Iwakura, H., Hosoda, H., Akamizu, T., Arai, Y.,

Kangawa, K., Nakao, K., Transgenic mice overexpressing des-acyl ghrelin 

show small phenotype. Endocrinology. 146 (2005) 355-364.

[6 ] Avram, A.M., Jaffe, C.A., Symons, K.V., Barkan, A.L., Endogenous 

circulating ghrelin does not médiate growth hormone rhythmicity or 

response to fasting. Journal o f Clinical Endocrinology & Metabolism. 90

(2005) 2982-2987.

[7] Azuma, M., Tanaka, M., Nejigaki, Y., Uchiyama, M., Takahashi, A., 

Shioda, S., Matsuda, K., Pituitary adenylate cyclase-activating polypeptide 

induces somatolactin release from cultured goldfish pituitary cells. 

Peptides. 30 (2009) 1260-1266.



215

[8 ] Bachir, L.K., Garrel, G., Lozach, A., Laverriere, J.N., Counis, R., The rat 

pituitary promoter o f  the neuronal nitric oxide synthase gene contains an 

Spl-, LIM homeodomain-dependent enhancer and a distinct bipartite 

gonadotropin-releasing hormone-responsive région. Endocrinology. 144 

(2003) 3995-4007.

[9] Baldanzi, G., Filigheddu, N., Cutrupi, S., Catapano, F., Bonissoni, S., 

Fubini, A., Malan, D., Baj, G., Granata, R., Broglio, F., Papotti, M., 

Surico, N., Bussolino, F., Isgaard, J., Deghenghi, R., Sinigaglia, F., Prat, 

M., Muccioli, G., Ghigo, E., Graziani, A., Ghrelin and des-acyl ghrelin 

inhibit cell death in cardiomyocytes and endothélial cells through ERK1/2 

and PI 3-kinase/AKT. Journal o f Cell Biology. 159 (2002) 1029-1037.

[10] Bail, J.N., Hypothalamic control of the pars distalis in fishes, amphibians, 

and reptiles. Gen Comp Endocrinol. 44 (1981) 135-170.

[11] Banks, W.A., Bumey, B.O., Robinson, S.M., Effects o f  triglycérides, 

obesity, and starvation on ghrelin transport across the blood-brain barrier. 

Peptides. 29 (2008) 2061-2065.

[12] Barabutis, N., Schally, A.V., Growth hormone-releasing hormone: 

extrapituitary effects in physiology and pathology. Cell Cycle. 9 (2010) 

4110-4116.

[13] Bamett, P., Somatostatin and somatostatin receptor physiology.

Endocrine. 20 (2003) 255-264.

[14] Barreiro, M.L., Suominen, J.S., Gaytan, F., Pinilla, L., Chopin, L.K., 

Casanueva, F.F., Dieguez, C., Aguilar, E., Toppari, J., Tena-Sempere, M., 

Developmental, stage-specific, and hormonally regulated expression of 

growth hormone secretagogue receptor messenger RNA in rat testis. 

Biology o f Reproduction. 6 8  (2003) 1631-1640.

[15] Bechem, M., Schramm, M., Calcium-Agonists. J Mol Cell Cardiol. 19 

(1987)63-75.



[16] Bellefontaine, N., Hanchate, N.K., Parkash, J., Campagne, C., de Seranno,

S., Clasadonte, J., d'Anglemont de Tassigny, X., Prevot, V., Nitric oxide 

as key mediator o f neuron-to-neuron and endothelia-to-glia 

communication involved in the neuroendocrine control of reproduction. 

Neuroendocrinology. 93 (2011) 74-89.

[17] Berga, S., Naftolin, F., Neuroendocrine control o f ovulation. Gynecol 

Endocrinol. 28 Suppl 1 (2012) 9-13.

[18] Bewick, G.A., Kent, A., Campbell, D., Patterson, M., Ghatei, M.A., 

Bloom, S.R., Gardiner, J.V., Mice With Hyperghrelinemia Are 

Hyperphagic and Glucose Intolérant and Have Reduced Leptin Sensitivity. 

Diabetes. 58 (2009) 840-846.

[19] Bhatti, S.F., Duchateau, L., Van Ham, L.M., De Vliegher, S.P., Mol, J.A., 

Rijnberk, A., Kooistra, H.S., Effects o f growth hormone secretagogues on 

the release of adenohypophyseal hormones in young and old healthy dogs. 

V etJ. 172 (2006) 515-525.

[20] Birketvedt, G.S., Geliebter, A., Kristiansen, I., Firgenschau, Y., Goll, R., 

Florholmen, J.R., Diumal sécrétion of ghrelin, growth hormone, insulin 

binding proteins, and prolactin in normal weight and overweight subjects 

with and without the night eating syndrome. Appetite. 59 (2012) 688-692.

[21] Bjomsson, B.T., Johansson, V., Benedet, S., Einarsdottir, I.E., Hildahl, J., 

Agustsson, T., Jonsson, E., Growth hormone endocrinology o f salmonids: 

regulatory mechanisms and mode of action. Fish Physiology and 

Biochemistry. 27 (2002) 227-242.

[22] Biaise, O., Weil, C., Le Bail, P. Y., Rôle o f IGF-I in the control o f GH 

sécrétion in rainbow trout (Oncorhynchus mykiss). Growth Regul. 5

(1995) 142-150.

[23] Bocca, L., Valenti, S., Cuttica, C.M., Spaziante, R., Giordano, G., Giusti, 

M., Nitric oxide biphasically modulâtes GH sécrétion in cultured cells of



217

GH-secreting human pituitary adenomas. Minerva Endocrinol. 25 (2000) 

55-59.

[24] Bodart, V., Bouchard, J.F., McNicoll, N., Escher, E., Carrière, P., Ghigo,

E., Sejlitz, T., Sirois, M.G., Lamontagne, D., Ong, H., Identification and 

characterization o f a new growth hormone-releasing peptide receptor in 

the heart. Circulation Research. 85 (1999) 796-802.

[25] Bresson-Bepoldin, L., Dufy-Barbe, L., GHRP- 6  induces a biphasic 

calcium response in rat pituitary somatotrophs. Cell Calcium. 15 (1994) 

247-258.

[26] Camina, J.P., Desensitization and Endocytosis Mechanisms o f Ghrelin- 

Activated Growth Hormone Secretagogue Receptor la. Endocrinology.

145 (2004) 930-940.

[27] Camina, J.P., Carreira, M.C., Micic, D., Pombo, M., Kelestimur, F., 

Dieguez, C., Casanueva, F.F., Régulation of ghrelin sécrétion and action. 

Endocrine. 22 (2003) 5-12.

[28] Canosa, L.F., Chang, J.P., Peter, R.E., Neuroendocrine control o f growth 

hormone in fish. Gen Comp Endocrinol. 151 (2007) 1-26.

[29] Cardenas, A.M., Marengo, F.D., Rapid endocytosis and vesicle recycling 

in neuroendocrine cells. Cell Mol Neurobiol. 30 (2010) 1365-1370.

[30] Castro, A., Becerra, M., Manso, M.J., Tello, J., Sherwood, N.M., Anadon, 

R., Distribution o f growth hormone-releasing hormone-like peptide: 

Immunoreactivity in the central nervous system of the adult zebrafish 

(Danio rerio). J CompNeurol. 513 (2009) 685-701.

[31] Chan, C.-B., Cheng, C.H.K., Identification and functional characterization 

o f two altematively spliced growth hormone secretagogue receptor 

transcripts from the pituitary of black seabream Acanthopagrus schlegeli. 

Molecular and Cellular Endocrinology. 214 (2004) 81-95.



218

[32] Chan, C.-B., Leung, P.-K., Wise, H., Cheng, C.H.K., Signal transduction 

mechanism of the seabream growth hormone secretagogue receptor. FEBS 

Letters. 577 (2004) 147-153.

[33] Chan, C., Cheng, C.H.K., Identification and functional characterization of 

two altematively spliced growth hormone secretagogue receptor 

transcripts from the pituitary of black seabream Acanthopagrus schlegeli. 

Mol Cell Endocrinol. 214 (2004) 81-95.

[34] Chan, C.B., Cheng, C.H.K., Identification and functional characterization 

o f two altematively spliced growth hormone secretagogue receptor 

transcripts from the pituitary of black seabream Acanthopagrus schlegeli. 

Molecular and Cellular Endocrinology. 214 (2004) 81-95.

[35] Chan, C.B., Leung, P.K., Wise, H., Cheng, C.H., Signal transduction 

mechanism of the seabream growth hormone secretagogue receptor. FEBS 

Lett. 577 (2004) 147-153.

[36] Chan, K.W., Yu, K.L., Rivier, J., Chow, B.K., Identification and 

characterization o f a receptor from goldfish spécifie for a teleost growth 

hormone-releasing hormone-like peptide. Neuroendocrinology. 6 8  (1998) 

44-56.

[37] Chang, J.P., Cook, H., Freedman, G.L., Wiggs, A.J., Somoza, G.M., de 

Leeuw, R., Peter, R.E., Use o f a pituitary cell dispersion method and 

primary culture system for the studies o f gonadotropin-releasing hormone 

action in the goldfish, Carassius auratus. I. Initial morphological, static, 

and cell column perifusion studies. Gen Comp Endocrinol. 77 (1990) 256- 

273.

[38] Chang, J.P., Garofalo, R., Neumann, C.M., Différences in the acute 

actions of sGnRH and cGnRH-II on gonadotropin release in goldfish 

pituitary cells. General and Comparative Endocrinology. 100 (1995) 339- 

354.



[39] Chang, J.P., Garofalo, R., Neumann, C.M., Différences in the acute 

actions o f sGnRH and cGnRH-II on gonadotropin release in goldfish 

pituitary cells. Gen Comp Endocrinol. 100 (1995) 339-354.

[40] Chang, J.P., Habibi, H.R., Yu, Y., Moussavi, M., Grey, C.L., Pemberton, 

J.G., Calcium and other signalling pathways in neuroendocrine régulation 

o f somatotroph functions. Cell Calcium. 51 (2011) 240-252.

[41] Chang, J.P., Habibi, H.R., Yu, Y., Moussavi, M., Grey, C.L., Pemberton, 

J.G., Calcium and other signalling pathways in neuroendocrine régulation 

o f somatotroph functions. Cell Calcium. 51 (2012) 240-252.

[42] Chang, J.P., Jobin, R.M., Régulation o f gonadotropin release in 

vertebrates: A comparison of GnRH mechanisms of action. Perspectives in 

Comparative Endocrinology (1994) 41-51.

[43] Chang, J.P., Jobin, R.M., Teleost pituitary cells: Isolation, culture and use. 

In: Hochachka, P.W., and Mommsen, T.P. (Eds). Biochemistry and 

Molecular Biology o f Fishes Vol. 3: Analytical Techniques, Chapter 18, 

Elsevier, Amsterdam. (1994) 205-213.

[44] Chang, J.P., Jobin, R.M., de Leeuw, R., Possible involvement o f protein 

kinase C in gonadotropin and growth hormone release from dispersed 

goldfish pituitary cells. Gen Comp Endocrinol. 81 (1991) 447-463.

[45] Chang, J.P., Johnson, J.D., Sawisky, G.R., Grey, C.L., Mitchell, G.,

Booth, M., Volk, M.M., Parks, S.K., Thompson, E., Goss, G.G., Klausen, 

C., Habibi, H.R., Signal transduction in multifactorial neuroendocrine 

control o f gonadotropin sécrétion and synthesis in teleosts-studies on the 

goldfish model. Gen Comp Endocrinol. 161 (2009) 42-52.

[46] Chang, J.P., Johnson, J.D., Sawisky, G.R., Grey, C.L., Mitchell, G.,

Booth, M., Volk, M.M., Parks, S.K., Thompson, E., Goss, G.G., Klausen, 

C., Habibi, H.R., Signal transduction in multifactorial neuroendocrine 

control o f gonadotropin sécrétion and synthesis in teleosts— studies on the



220

goldfish model. General and Comparative Endocrinology. 161 (2009) 42- 

52.

[47] Chang, J.P., Johnson, J.D., Van Goor, F., Wong, C.J., Yunker, W.K., 

Uretsky, A.D., Taylor, D., Jobin, R.M., Wong, A.O., Goldberg, J.I., Signal 

transduction mechanisms mediating sécrétion in goldfish gonadotropes 

and somatotropes. Biochem Cell Biol. 78 (2000) 139-153.

[48] Chang, J.P., Johnson, J.D., Van Goor, F., Wong, C.J.H., Yunker, W.K., 

Uretsky, A.D., Taylor, D., Jobin, R.M., Wong, A.O.L., Goldberg, J.I., 

Signal transduction mechanisms mediating sécrétion in goldfish 

gonadotropes and somatotropes. Biochemistry and Cell Biology- 

Biochimie Et Biologie Cellulaire. 78 (2000) 139-153.

[49] Chang, J.P., MacKenzie, D.S., Gould, D.R., Peter, R.E., Effects of 

dopamine and norepinephrine on in vitro spontaneous and gonadotropin- 

releasing hormone-induced gonadotropin release by dispersed cells or 

fragments o f the goldfish pituitary. Life Sci. 35 (1984) 2027-2033.

[50] Chang, J.P., Mar, A., Wlasichuk, M., Wong, A.O., Kisspeptin-1 directly 

stimulâtes LH and GH sécrétion from goldfish pituitary cells in a Ca(2+)- 

dependent manner. Gen Comp Endocrinol. 179 (2012) 38-46.

[51] Chang, J.P., Sawisky, G.R., Mitchell, G., Uretsky, A.D., Kwong, P., Grey, 

C.L., Meints, A.N., Booth, M., PACAP stimulation o f maturational 

gonadotropin sécrétion in goldfish involves extracellular signal-regulated 

kinase, but not nitric oxide or guanylate cyclase, signaling. Gen Comp 

Endocrinol. 165 (2010) 127-135.

[52] Chang, J.P., Sawisky, G.R., Mitchell, G., Uretsky, A.D., Kwong, P., Grey, 

C.L., Meints, A.N., Booth, M., PACAP stimulation o f maturational 

gonadotropin sécrétion in goldfish involves extracellular signal-regulated 

kinase, but not nitric oxide or guanylate cyclase, signaling. General and 

Comparative Endocrinology. 165 (2010) 127-135.



221

[53] Chang, J.P., Van Goor, F., Wong, A.O., Jobin, R.M., Neumann, C.M., 

Signal transduction pathways in GnRH- and dopamine Dl-stimulated 

growth hormone sécrétion in the goldfish. Chin J Physiol. 37 (1994) 111- 

127.

[54] Chang, J.P., Wirachowsky, N.R., Kwong, P., Johnson, J.D., Pacap 

stimulation o f gonadotropin-II sécrétion in goldfish pituitary cells: 

mechanisms of action and interaction with gonadotropin releasing 

hormone signalling. J Neuroendocrinol. 13 (2001) 540-550.

[55] Chang, J.P., Wong, A.O., van der Kraak, G., van Goor, F., Relationship 

between cyclic AMP-stimulated and native gonadotropin-releasing 

hormone-stimulated gonadotropin release in the goldfish. Gen Comp 

Endocrinol. 8 6  (1992) 359-377.

[56] Chang, J.P., Wong, A.O.L., Growth Hormone Régulation in Fish: A 

Multifactorial Model with Hypothalamic, Peripheral and Local 

Autocrine/Paracrine Signais. In: N.J. Bemier, G. Van der Kraak, A.P. 

Farrell, C.J. Brauner (Eds.). Fish Physiology 28, Fish 

Neuroendocrinology, Académie Press, London (2009) 151 - 195.

[57] Chang, J.P., Wong, A.O.L., Vanderkraak, G., Vangoor, F., Relationship 

between Cyclic Amp-Stimulated and Native Gonadotropin-Releasing 

Hormone-Stimulated Gonadotropin-Release in the Goldfish. General and 

Comparative Endocrinology. 8 6  (1992) 359-377.

[58] Chang, J.P., Wong, C.J., Davis, P.J., Soetaert, B., Fedorow, C., Sawisky,

G., Rôle o f Ca2+ stores in dopamine- and PACAP-evoked growth hormone 

release in goldfish. Mol Cell Endocrinol. 206 (2003) 63-74.

[59] Chang, J.P., Yu, K.L., Wong, A.O., Peter, R.E., Differential actions of 

dopamine receptor subtypes on gonadotropin and growth hormone release 

in vitro in goldfish. Neuroendocrinology. 51 (1990) 664-674.



222

[60] Chen, C., Growth hormone secretagogue actions on the pituitary gland: 

multiple receptors for multiple ligands? Clin Exp Pharmacol Physiol. 27

(2000) 323-329.

[61] Chen, L., Sakai, T., Sakamoto, S., Kato, M., Inoue, K., Direct evidence of 

gonadotropin-releasing hormone (GnRH)-stimulated nitric oxide 

production in the L beta T-2 clonal gonadotropes. Pituitary. 2 (1999) 191 - 

196.

[62] Chen, T., Tang, Z., Yan, A., Li, W., Lin, H., Molecular cloning and 

mRNA expression analysis of two GH secretagogue receptor transcripts in 

orange-spotted grouper (Epinephelus coioides). Journal of Endocrinology. 

199 (2008) 253-265.

[63] Cheng, K.W., Leung, P.C.K., The expression, régulation and signal 

transduction pathways of the mammalian gonadotropinreleasing hormone 

receptor. Can J Physiol Pharmacol. 78 (2000) 1029-1052.

[64] Childs, G.V., Unabia, G., Miller, B.T., Collins, T.J., Differential 

expression o f gonadotropin and prolactin antigens by GHRH target cells 

from maie and female rats. J Endocrinol. 162 (1999) 177-187.

[65] Childs, G.V., Unabia, G., Wu, P., Differential expression of growth 

hormone messenger ribonucleic acid by somatotropes and gonadotropes in 

maie and cycling female rats. Endocrinology. 141 (2000) 1560-1570.

[6 6 ] Clarke, I. J., Control of GnRH sécrétion: one step back. Front 

Neuroendocrinol. 32 (2011) 367-375.

[67] Colinet, F.G., Vanderick, S., Charloteaux, B., Eggen, A., Gengler, N., 

Renaville, B., Brasseur, R., Portetelle, D., Renaville, R., Genomic 

Location of the Bovine Growth Hormone Secretagogue Receptor (GHSR) 

Gene and Investigation o f Genetic Polymorphism. Animal Biotechnology. 

20 (2009) 28-33.

[6 8 ] Cook, H., Berkenbosch, J.W., Femhout, M.J., Yu, K.L., Peter, R.E.,

Chang, J.P., Rivier, J.E., Démonstration o f gonadotropin releasing-



223

hormone receptors on gonadotrophs and somatotrophs of the goldfish: an 

electron microscope study. Regul Pept. 36 (1991) 369-378.

[69] Corpas, E., Harman, S.M., Blackman, M.R., Human growth hormone and 

human aging. Endocr Rev. 14 (1993) 20-39.

[70] Cunha, S.R., Mayo, K.E., Ghrelin and growth hormone (GH) 

decretagogues potentiate GH-releasing hormone (GHRH)-induced cyclic 

adenosine 3',5'-monophosphate production in cells expressing transfected 

GHRH and GH secretagogue receptors. Endocrinology. 143 (2002) 4570- 

4582.

[71] Dass, N.B., Munonyara, M., Bassil, A.K., Hervieu, G.J., Osboume, S., 

Corcoran, S., Morgan, M., Sanger, G.J., Growth hormone secretagogue 

receptors in rat and human gastrointestinal tract and the effects of ghrelin. 

Neuroscience. 120 (2003) 443-453.

[72] Date, Y., Nakazato, M., Hashiguchi, S., Dezaki, K., Mondai, M.S., 

Hosoda, H., Kojima, M., Kangawa, K., Arima, T., Matsuo, H., Yada, T., 

Matsukura, S., Ghrelin is présent in pancreatic alpha-cells o f humans and 

rats and stimulâtes insulin sécrétion. Diabetes. 51 (2002) 124-129.

[73] Daughaday, W.H., Growth hormone axis overview—somatomedin 

hypothesis. Pediatr Nephrol. 14 (2000) 537-540.

[74] Dominguez, B., Avila, T., Flores-Hemandez, J., Lopez-Lopez, G., 

Martinez-Rodriguez, H., Félix, R., Monjaraz, E., Up-regulation o f High 

Voltage-activated Ca2+ Channels in GC Somatotropes After Long-term 

Exposure to Ghrelin and Growth Hormone Releasing Peptide-6 . Cellular 

and Molecular Neurobiology. 28 (2008) 819-831.

[75] Dubey, P.K., Tripathi, V., Singh, R.P., Saikumar, G., Nath, A., Pratheesh, 

Gade, N., Sharma, G.T., Expression of nitric oxide synthase isoforms in 

différent stages o f buffalo (Bubalus bubalis) ovarian follicles: effect of 

nitric oxide on in vitro development of preantral follicle. Theriogenology. 

77 (2012) 280-291.



[76] Dubey, P.K., Tripathi, V., Singh, R.P., Sharma, G.T., Influence of nitric 

oxide on in vitro growth, survival, steroidogenesis, and apoptosis of 

follicle stimulating hormone stimulated buffalo (Bubalus bubalis) 

preantral follicles. J Vet Sci. 12 (2011) 257-265.

[77] Ducsay, C.A., Myers, D.A., eNOS activation and NO function: differential 

control o f steroidogenesis by nitric oxide and its adaptation with hypoxia.

J Endocrinol. 210 (2011) 259-269.

[78] Dufour, S., Sebert, M.E., Weltzien, F.A., Rousseau, K., Pasqualini, C., 

Neuroendocrine control by dopamine of teleost reproduction. J Fish Biol. 

76 (2010) 129-160.

[79] Elias, K.A., Ingle, G.S., Bumier, J.P., Hammonds, R.G., McDowell, R.S., 

Rawson, T.E., Somers, T.C., Stanley, M.S., Cronin, M.J., In vitro 

characterization o f four novel classes o f growth hormone-releasing 

peptide. Endocrinology. 136 (1995) 5694-5699.

[80] Erickson, J.C., Clegg, K.E., Palmiter, R.D., Sensitivity to leptin and 

susceptibility to seizures o f mice lacking neuropeptide Y. Nature. 381

(1996)415-418.

[81] Falcon, J., Besseau, L., Fazzari, D., Attia, J., Gaildrat, P., Beauchaud, M., 

Boeuf, G., Melatonin modulâtes sécrétion of growth hormone and 

prolactin by trout pituitary glands and cells in culture. Endocrinology. 144 

(2003) 4648-4658.

[82] Femandez-Femandez, R., Tena-Sempere, M., Aguilar, E., Pinilla, L., 

Ghrelin effects on gonadotropin sécrétion in maie and female rats. 

Neurosci Lett. 362 (2004) 103-107.

[83] Femandez-Femandez, R., Tena-Sempere, M., Navarro, V.M., Barreiro, 

M.L., Castellano, J.M., Aguilar, E., Pinilla, L., Effects of ghrelin upon 

gonadotropin-releasing hormone and gonadotropin sécrétion in adult 

female rats: in vivo and in vitro studies. Neuroendocrinology. 82 (2005) 

245-255.



[84] Femandez-Femandez, R., Tena-Sempere, M., Roa, J., Castellano, J.M., 

Navarro, V.M., Aguilar, E., Pinilla, L., Direct stimulatory effect o f ghrelin 

on pituitary release o f LH through a nitric oxide-dependent mechanism 

that is modulated by estrogen. Reproduction. 133 (2007) 1223-1232.

[85] Feron, O., Belhassen, L., Kobzik, L., Smith, T.W., Kelly, R.A., Michel,

T., Endothélial nitric oxide synthase targeting to caveolae. Spécifie 

interactions with caveolin isoforms in cardiac myocytes and endothélial 

cells. J Biol Chem. 271 (1996) 22810-22814.

[8 6 ] Fick, L.J., Cai, F., Belsham, D.D., Hypothalamic Preproghrelin Gene 

Expression Is Repressed by Insulin via Both PI3-K/Akt and ERK1/2 

MAPK Pathways in Immortalized, Hypothalamic Neurons. 

Neuroendocrinology. 89 (2009) 267-275.

[87] Forbes, S., Li, X.F., Kinsey-Jones, J., O’Byme, K., Effects o f ghrelin on 

Kisspeptin mRNA expression in the hypothalamic medial preoptic area 

and pulsatile luteinising hormone sécrétion in the female rat. Neurosci 

Lett. 460 (2009) 143-147.

[8 8 ] Fox, B.K., Riley, L.G., Dorough, C., Kaiya, H., Hirano, T., Grau, E.G., 

Effects of homologous ghrelins on the growth hormone/insulin-like 

growth factor-I axis in the tilapia, Oreochromis mossambicus. Zoolog Sci. 

24 (2007) 391-400.

[89] Frail, D.E., Manelli, A.M., Witte, D.G., Lin, C.W., Steffey, M.E., 

Mackenzie, R.G., Cloning and Characterization o f a Tmncated Dopamine 

D1 Receptor from Goldfish Retina - Stimulation of Cyclic-Amp 

Production and Calcium Mobilization. Mol Pharmacol. 44 (1993) 1113- 

1118.

[90] Froiland, E., Murashita, K., Jorgensen, E.H., Kurokawa, T., Leptin and 

ghrelin in anadromous Arctic charr: Cloning and change in expressions 

during a seasonal feeding cycle. General and Comparative Endocrinology. 

165 (2010) 136-143.



[91] Fruchtman, S., Gift, B., Howes, B., Borski, R., Insulin-like growth factor-I 

augments prolactin and inhibits growth hormone release through distinct 

as well as overlapping cellular signaling pathways. Comp Biochem Phys

B. 129 (2001)237-242.

[92] Fung, J.N., Seim, I., Wang, D., Obermair, A., Chopin, L.K., Chen, C., 

Expression and in vitro functions of the ghrelin axis in endométrial cancer. 

Horm Cancer. 1 (2010)245-255.

[93] Furuta, M., Funabashi, T., Kimura, F., Intracerebroventricular 

administration o f ghrelin rapidly suppresses pulsatile luteinizing hormone 

sécrétion in ovariectomized rats. Biochem Biophys Res Commun. 288

(2001) 780-785.

[94] Gahete, M.D., Durân-Prado, M., Luque, R.M., Martinez-Fuentes, A.J., 

Quintero, A., Gutiérrez-Pascual, E., Côrdoba-Chacôn, J., Malagôn, M.M., 

Gracia-Navarro, F., Castano, J.P., Understanding the Multifactorial 

Control o f Growth Hormone Release by Somatotropes. Ann N Y Acad 

Sci. 1163 (2009) 137-153.

[95] Galas, L., Chartrel, N., Kojima, M., Kangawa, K., Vaudry, H., 

Immunohistochemical localization and biochemical characterization of 

ghrelin in the brain and stomach of the frog Rana esculenta. Journal of 

Comparative Neurology. 450 (2002) 34-44.

[96] Gandini, M.A., Félix, R., Functional interactions between voltage-gated 

Ca2+ channels and Rab3-interacting molécules (RIMs): New insights into 

stimulus-secretion coupling. Bba-Biomembranes. 1818 (2012) 551-558.

[97] Garcia-Tomadu, I., Rubinstein, M., Gaylinn, B.D., Hill, D., Arany, E., 

Low, M.J., Diaz-Torga, G., Becu-Villalobos, D., GH in the dwarf 

dopaminergic D2 receptor knockout mouse: somatotrope population, GH 

release, and responsiveness to GH-releasing factors and somatostatin. J 

Endocrinol. 190 (2006) 611-619.



227

[98] Gardiner, J., Bloom, S., Ghrelin Gets Its GOAT. Cell Metabolism. 7

(2008) 193-194.

[99] Garrel, G., Simon, V., Thieulant, M.L., Cayla, X., Garcia, A., Counis, R., 

Cohen-Tannoudji, J., Sustained Gonadotropin-Releasing Hormone 

Stimulation Mobilizes the cAMP/PKA Pathway to Induce Nitric Oxide 

Synthase Type 1 Expression in Rat Pituitary Cells In Vitro and In Vivo at 

Proestrus. Biology o f Reproduction. 82 (2010) 1170-1179.

[100] Gasman, S., Régulation o f exocytosis in adrenal chromaffm cells: focus on 

ARF and Rho GTPases. Cellular Signal. 15 (2003) 893-899.

[101] Gaytan, F., Barreiro, M.L., Caminos, J.E., Chopin, L.K., Herington, A.C., 

Morales, C., Pinilla, L., Paniagua, R., Nistal, M., Casanueva, F.F.,

Aguilar, E., Dieguez, C., Tena-Sempere, M., Expression of ghrelin and its 

functional receptor, the type 1 a growth hormone secretagogue receptor, in 

normal human testis and testicular tumors. Journal of Clinical 

Endocrinology & Metabolism. 89 (2004) 400-409.

[102] Gaytan, F., Barreiro, M.L., Chopin, L.K., Herington, A.C., Morales, C., 

Pinilla, L., Casanueva, F.F., Aguilar, E., Dieguez, C., Tena-Sempere, M., 

Immunolocalization o f ghrelin and its functional receptor, the type 1 a 

growth hormone secretagogue receptor, in the cyclic human ovary. Journal 

of Clinical Endocrinology & Metabolism. 8 8  (2003) 879-887.

[103] Geelissen, S.M.E., Beck, I.M.E., Darras, V.M., Kiihn, E.R., Van der 

Geyten, S., Distribution and régulation o f chicken growth hormone 

secretagogue receptor isoforms. General and Comparative Endocrinology. 

134 (2003) 167-174.

[104] Gnanapavan, S., Kola, B., Bustin, S.A., Morris, D.G., McGee, P., 

Fairclough, P., Bhattacharya, S., Carpenter, R., Grossman, A.B.,

Korbonits, M., The tissue distribution of the mRNA of ghrelin and 

subtypes o f its receptor, GHS-R, in humans. Journal o f  Clinical 

Endocrinology & Metabolism. 87 (2002) 2988-2991.



228

[105] Gouty-Colomer, L.A., Mery, P.F., Storme, E., Gavois, E., Robinson, I.C., 

Guerineau, N.C., Mollard, P., Desarmenien, M.G., Spécifie involvement 

of gonadal hormones in the functional maturation of growth hormone 

releasing hormone (GHRH) neurons. Endocrinology. 151 (2010) 5762- 

5774.

[106] Granata, R., Settanni, F., Biancone, L., Trovato, L., Nano, R., Bertuzzi, F., 

Destefanis, S., Annunziata, M., Martinetti, M., Catapano, F., Ghe, C., 

Isgaard, J., Papotti, M., Ghigo, E., Muccioli, G., Acylated and unacylated 

ghrelin promote prolifération and inhibit apoptosis o f pancreatic -cells 

and human islets: involvement o f 3',5'-cyclic adenosine 

monophosphate/protein kinase A, extracellular signal-regulated kinase 1/2, 

and phosphatidyl inositol 3-kinase/akt signaling. Endocrinology. 148

(2006) 512-529.

[107] Granata, R., Settanni, F., Gallo, D., Trovato, L., Biancone, L., Cantaluppi, 

V., Nano, R., Annunziata, M., Campiglia, P., Amoletti, E., Ghe, C., 

Volante, M., Papotti, M., Muccioli, G., Ghigo, E., Obestatin promûtes 

survival o f pancreatic beta-cells and human islets and induces expression 

of genes involved in the régulation o f beta-cell mass and function. 

Diabetes. 57 (2008) 967-979.

[108] Grayfer, L., Belosevic, M., Molecular characterization, expression and 

functional analysis o f goldfish (Carassius aurutus L.) interferon gamma. 

Dev Comp Immunol. 33 (2009) 235-246.

[109] Grayfer, L., Walsh, J.G., Belosevic, M., Characterization and functional 

analysis of goldfish (Carassius auratus L.) tumor necrosis factor-alpha. 

Developmental & Comparative Immunology. 32 (2008) 532-543.

[110] Grey, C.L., Chang, J.P., Ghrelin-induced growth hormone release from 

goldfish pituitary cells involves voltage-sensitive calcium channels. Gen 

Comp Endocrinol. 160 (2009) 148-157.



229

[111] Grey, C.L., Chang, J.P., Differential Involvement o f Protein Kinase C and 

Protein Kinase A in Ghrelin-Induced Growth Hormone and 

Gonadotrophin Release from Goldfish (Carassius auratus) Pituitary Cells.

J Neuroendocrinol. 23 (2011) 1273-1287.

[112] Grey, C.L., Chang, J.P., Ghrelin-induced growth hormone release from 

goldfish pituitary cells is nitric oxide dépendent. Gen Comp Endocrinol. 

179(2012) 152-158.

[113] Grey, C.L., Chang, J.P., Nitric oxide signalling in ghrelin-induced LH 

release from goldfish pituitary cells. Gen Comp Endocrinol.

10.1016/j.ygcen.2012.11.022 (2 0 1 2 ).

[114] Grey, C.L., Chang, J.P., Nitric oxide signaling in ghrelin-induced LH 

release from goldfish pituitary cells. Gen Comp Endocrinol. 183 (2013) 7- 

13.

[115] Grey, C.L., Grayfer, L., Belosevic, M., Chang, J.P., Ghrelin stimulation of 

gonadotropin (LH) release from goldfish pituitary cells: presence o f the 

growth hormone secretagogue receptor (GHS-Rla) and involvement of 

voltage-sensitive Ca2+ channels. Mol Cell Endocrinol. 317 (2010) 64-77.

[116] Griffiths, M.J., Messent, M., MacAllister, R.J., Evans, T.W., 

Aminoguanidine selectively inhibits inducible nitric oxide synthase. Br J 

Pharmacol. 110 (1993) 963-968.

[117] Guan, X.M., Yu, H., Palyha, O.C., McKee, K.K., Feighner, S.D., 

Sirinathsinghji, D.J.S., Smith, R.G., VanderPloeg, L.H.T., Howard, A.D., 

Distribution o f mRNA encoding the growth hormone secretagogue 

receptor in brain and peripheral tissues. Mol Brain Res. 48 (1997) 23-29.

[118] Hassouna, R., Zizzari, P., Toile, V., The ghrelin/obestatin balance in the 

physiological and pathological control o f GH sécrétion, body composition 

and food intake. Journal o f Neuroendocrinology (2010) no-no.

[119] Hataya, Y., Akamizu, T., Takaya, K., Kanamoto, N., Ariyasu, H., Saijo, 

M., Moriyama, K., Shimatsu, A., Kojima, M., Kangawa, K., Nakao, K., A



230

low dose o f ghrelin stimulâtes growth hormone (GH) release 

synergistically with GH-releasing hormone in humans. J Clin Endocrinol 

Metab. 8 6  (2001)4552-4555.

[120] Hattori, N., Saito, T., Yagyu, T., Jiang, B.H., Kitagawa, K., Inagaki, C., 

GH, GH receptor, GH secretagogue receptor, and ghrelin expression in 

human T cells, B cells, and neutrophils. Journal of Clinical Endocrinology 

& Metabolism. 8 6  (2001) 4284-4291.

[121] Herrington, J., Hille, B., Growth hormone-releasing hexapeptide elevates 

intracellular calcium in rat somatotropes by two mechanisms. 

Endocrinology. 135 (1994) 1100-1108.

[122] Hogg, N., Singh, R.J., Joseph, J., Neese, F., Kalyanaraman, B., Reactions 

o f nitric oxide with nitronyl nitroxides and oxygen: prédiction o f nitrite 

and nitrate formation by kinetic simulation. Free Radie Res. 22 (1995) 47- 

56.

[123] Holliday, N.D., Holst, B., Rodionova, E.A., Schwartz, T.W., Cox, H.M., 

Importance o f constitutive activity and arrestin independent mechanisms 

for intracellular trafficking of the ghrelin receptor. Molecular 

Endocrinology. 21 (2007) 3100-3112.

[124] Holst, B., High Constitutive Signaling o f the Ghrelin Receptor-- 

Identification o f a Potent Inverse Agonist. Molecular Endocrinology. 17

(2003)2201-2210.

[125] Holst, B., Holliday, N.D., Bach, A., Elling, C.E., Cox, H.M., Schwartz, 

T.W., Common Structural Basis for Constitutive Activity o f the Ghrelin 

Receptor Family. Journal of Biological Chemistry. 279 (2004) 53806- 

53817.

[126] Hosoda, H., Kojima, M., Kangawa, K., Biological, Physiological, and 

Pharmacological Aspects of Ghrelin. Journal o f Pharmacological 

Sciences. 100 (2006)398-410.



[127] Hosomi, S., Oshitani, N., Kamata, N., Sogawa, M., Yamagami, H., 

Watanabe, K., Tominaga, K., Watanabe, T., Fujiwara, Y., Maeda, K., 

Hirakawa, K., Arakawa, T., Phenotypical and functional study of ghrelin 

and its receptor in the pathogenesis of Crohn's disease. Inflamm Bowel 

Dis. 14(2008) 1205-1213.

[128] Howard, A.D., Feighner, S.D., Cully, D.F., Arena, J.P., Liberator, P.A., 

Rosenblum, C.I., Hamelin, M., Hreniuk, D..L, Palyha, O.C., Anderson, J., 

Paress, P.S., Diaz, C., Chou, M., Liu, K.K., McKee, K.K., Pong, S.S., 

Chaung, L.Y., Elbrecht, A., Dashkevicz, M., Heavens, R., Rigby, M., 

Sirinathsinghji, D.J., Dean, D.C., Melillo, D.G., Patchett, A.A., Nargund, 

R., Griffin, P.R., DeMartino, J.A., Gupta, S.K., Schaeffer, J.M., Smith, 

R.G., Van der Ploeg, L.H., A Receptor in Pituitary and Hypothalamus that 

Functions in Growth Hormone Release. Science. 273 (1996) 974 - 977.

[129] Huang, P.L., Dawson, T.M., Bredt, D.S., Snyder, S.H., Fishman, M.C., 

Targeted Disruption o f the Neuronal Nitric-Oxide Synthase Gene. Cell. 75 

(1993)1273-1286.

[130] Hutagalung, A.H., Novick, P.J., Rôle o f Rab GTPases in membrane traffic 

and cell physiology. Physiol Rev. 91 (2011) 119-149.

[131] Iwakura, H., Hosoda, K., Son, C., Fujikura, J., Tomita, T., Noguchi, M., 

Ariyasu, H., Takaya, K., Masuzaki, H., Ogawa, Y., Hayashi, T., Inoue, G., 

Akamizu, T., Hosoda, H., Kojima, M., Itoh, H., Toyokuni, S., Kangawa, 

K., Nakao, K., Analysis of rat insulin II promoter-ghrelin transgenic mice 

and rat glucagon promoter-ghrelin transgenic mice. J Biol Chem. 280 

(2005) 15247-15256.

[132] Jerlhag, E., Janson, A.C., Waters, S., Engel, J.A., Concomitant Release of 

Ventral Tegmental Acetylcholine and Accumbal Dopamine by Ghrelin in 

Rats. PLoS ONE. 7 (2012).

[133] Jian, K.H., Barhoumi, R., Ko, M.L., Ko, G.Y.P., Inhibitory Effect of 

Somatostatin-14 on L-Type Voltage-Gated Calcium Channels in Cultured



232

Cone Photoreceptors Requires Intracellular Calcium. J Neurophysiol. 102 

(2009)1801-1810.

[134] Jiang, H., Betancourt, L., Smith, R.G., Ghrelin amplifies dopamine 

signaling by cross talk involving formation o f growth hormone 

secretagogue receptor/dopamine receptor subtype 1 heterodimers. Mol 

Endocrinol. 20 (2006) 1772-1785.

[135] Jobin, R.M., Chang, J.P., Involvement of protein kinase C in modulation 

o f gonadotropin and growth hormone sécrétion from dispersed goldfish 

pituitary cells. Fish Physiol Biochem. 11 (1993) 35-42.

[136] Jobin, R.M., Ginsberg, J., Matowe, W.C., Chang, J.P., Downregulation of 

protein kinase C levels leads to inhibition of GnRH-stimulated 

gonadotropin sécrétion from dispersed pituitary cells o f  goldfish. 

Neuroendocrinology. 58 (1993) 2-10.

[137] Jobin, R.M., Van Goor, F., Neumann, C.M., Chang, J.P., Interactions 

between signaling pathways in mediating GnRH-stimulated GTH release 

from goldfish pituitary cells: protein kinase C, but not cyclic AMP is an 

important mediator o f GnRH-stimulated gonadotropin sécrétion in 

goldfish. Gen Comp Endocrinol. 102 (1996) 327-341.

[138] Johnson, J.D., Chang, J.P., Function- and agonist-specific Ca2+ 

signalling: the requirement for and mechanism of spatial and temporal 

complexity in Ca2+ signais. Biochem Cell Biol. 78 (2000) 217-240.

[139] Johnson, J.D., Chang, J.P., Novel, thapsigargin-insensitive intracellular 

Ca(2+) stores control growth hormone release from goldfish pituitary 

cells. Mol Cell Endocrinol. 165 (2000) 139-150.

[140] Johnson, J.D., Chang, J.P., Agonist-specific and sexual stage-dependent 

inhibition o f gonadotropin-releasing hormone-stimulated gonadotropin 

and growth hormone release by ryanodine: relationship to sexual stage- 

dependent caffeine-sensitive hormone release. J Neuroendocrinol. 14

(2002) 144-155.



233

[141] Johnson, J.D., Chang, J.P., Calcium buffering activity o f mitochondria 

Controls basai growth hormone sécrétion and modulâtes spécifie 

neuropeptide signaling. Cell Calcium. 37 (2005) 573-581.

[142] Johnson, J.D., Klausen, C., Habibi, H., Chang, J.P., A gonadotropin- 

releasing hormone insensitive, thapsigargin-sensitive Ca2+ store reduces 

basai gonadotropin exocytosis and gene expression: comparison with 

agonist-sensitive Ca2+ stores. J Neuroendocrinol. 15 (2003) 204-214.

[143] Johnson, J.D., Klausen, C., Habibi, H.R., Chang, J.P., Function-specific 

calcium stores selectively regulate growth hormone sécrétion, storage, and 

mRNA level. Am J Physiol Endocrinol Metab. 282 (2002) E810-819.

[144] Johnson, J.D., Van Goor, F., Wong, C.J., Goldberg, J.I., Chang, J.P., Two 

endogenous gonadotropin-releasing hormones generate dissimilar Ca(2+) 

signais in identified goldfish gonadotropes. Gen Comp Endocrinol. 116 

(1999) 178-191.

[145] Johnson, J.D., Van Goor, F., Wong, C.J.H., Goldberg, J.I., Chang, J.P., 

Two endogenous gonadotropin-releasing hormones generate dissimilar 

Ca2+ signais in identified goldfish gonadotropes. Gen Comp Endocrinol. 

116(1999) 178-191.

[146] Johnson, J.D., VanGoor, F., Jobin, R.M., Wong, C.J.H., Goldberg, J.I., 

Chang, J.P., Agonist-specific Ca2+ signaling Systems, composed of 

multiple intracellular Ca2+ stores, regulate gonadotropin sécrétion. 

Molecular and Cellular Endocrinology. 170 (2000) 15-29.

[147] Johnsson, J.I., Bjomsson, B.T., Growth-Hormone Increases Growth-Rate, 

Appetite and Dominance in Juvénile Rainbow-Trout, Oncorhynchus- 

Mykiss. Anim Behav. 48 (1994) 177-186.

[148] Jonsson, E., Bjomsson, B.T., Physiological functions o f growth hormone 

in fish with spécial reference to its influence on behaviour. Fisheries Sci. 

6 8  (2002) 742-748.



234

[149] Jonsson, E., Forsman, A., Einarsdottir, I.E., Kaiya, H., Ruohonen, K., 

Bjomsson, B.T., Plasma ghrelin levels in rainbow trout in response to 

fasting, feeding and food composition, and effects o f ghrelin on voluntary 

food intake. Comp Biochem Physiol A Mol Integr Physiol. 147 (2007) 

1116-1124.

[150] Kageyama, H., Funahashi, H., Hirayama, M., Takenoya, F., Kita, T., Kato,

S., Sakurai, J., Lee, E.Y., Inoue, S., Date, Y., Nakazato, M., Kangawa, K., 

Shioda, S., Morphological analysis of ghrelin and its receptor distribution 

in the rat pancréas. Regulatory Peptides. 126 (2005) 67-71.

[151] Kaiya, H., Miura, T., Matsuda, K., Miyazato, M., Kangawa, K., Two 

functional growth hormone secretagogue receptor (ghrelin receptor) type 

la  and 2a in goldfish, Carassius auratus. Mol Cell Endocrinol. 327 (2010) 

25-39.

[152] Kaiya, H., Miyazato, M., Kangawa, K., Peter, R.E., Unniappan, S., 

Ghrelin: A multifunctional hormone in non-mammalian vertebrates. 

Comparative Biochemistry and Physiology - Part A: Molecular & 

Integrative Physiology. 149 (2008) 109-128.

[153] Kaiya, H., Mori, T., Miyazato, M., Kangawa, K., Ghrelin receptor (GHS- 

R)-like receptor and its genomic organisation in rainbow trout, 

Oncorhynchus mykiss. Comparative Biochemistry and Physiology - Part 

A: Molecular & Integrative Physiology. 153 (2009) 438-450.

[154] Kaiya, H., Riley, L.G., Janzen, W., Hirano, T., Grau, E.G., Miyazato, M., 

Kangawa, K., Identification and Genomic Sequence o f a Ghrelin Receptor 

(GHS-R)-like Receptor in the Mozambique Tilapia,Oreochromis 

mossambicus. Zoological Science. 26 (2009) 330-337.

[155] Kaiya, H., Small, B.C., Bilodeau, A.L., Shepherd, B.S., Kojima, M., 

Hosoda, H., Kangawa, K., Purification, cDNA cloning, and 

characterization o f ghrelin in channel catfish, Ictalurus punctatus. Gen 

Comp Endocrinol. 143 (2005) 201-210.



235

[156] Kang, K., Zmuda, E., Sleeman, M.W., Physiological rôle of ghrelin as 

revealed by the ghrelin and GOAT knockout mice. Peptides. 32 (2011) 

2236-2241.

[157] Kase, H., Iwahashi, K., Nakanishi, S., Matsuda, Y., Yamada, K., 

Takahashi, M., Murakata, C., Sato, A., Kaneko, M., K-252 compounds, 

novel and potent inhibitors o f protein kinase C and cyclic nucleotide- 

dependent protein kinases. Biochem Biophys Res Commun. 142 (1987) 

436-440.

[158] Kem, A., Albarran-Zeckler, R., Walsh, H.E., Smith, R.G., Apo-ghrelin 

receptor forms heteromers with DRD2 in hypothalamic neurons and is 

essential for anorexigenic effects of DRD2 agonism. Neuron. 73 (2012) 

317-332.

[159] Kiaris, H., Chatzistamou, I., Papavassiliou, A.G., Schally, A.V., Growth 

hormone-releasing hormone: not only a neurohormone. Trends Endocrinol 

Metab. 22 (2011) 311-317.

[160] Kidokoro, Y., Kuromi, H., Delgado, R., Maureira, C., Oliva, C., Labarca, 

P., Synaptic vesicle pools and plasticity o f synaptic transmission at the 

Drosophila synapse. Brain Res Brain Res Rev. 47 (2004) 18-32.

[161] Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B„ Schilling, T.F., 

Stages of embryonic development o f the zebrafish. Dev Dyn. 203 (1995) 

253-310.

[162] Kineman, R.D., Luque, R.M., Evidence that ghrelin is as potent as growth 

hormone (GH)-releasing hormone (GHRH) in releasing GH from primary 

pituitary cell cultures o f a nonhuman primate (Papio anubis), acting 

through intracellular signaling pathways distinct from GHRH. 

Endocrinology. 148 (2007) 4440-4449.

[163] Kitazawa, T., Maeda, Y., Kaiya, H., Molecular cloning of growth 

hormone secretagogue-receptor and effect of quail ghrelin on



236

gastrointestinal motility in Japanese quail. Regulatory Peptides. 158 

(2009)132-142.

[164] Klatt, P., Schmid, M., Leopold, E., Schmidt, K., Wemer, E.R., Mayer, B., 

The pteridine binding site o f brain nitric oxide synthase. 

Tetrahydrobiopterin binding kinetics, specificity, and allosteric interaction 

with the substrate domain. J. Biol. Chem. 269 (1994) 13861-13866.

[165] Klausen, C., Tsuchiya, T., Chang, J.P., Habibi, H.R., PKC and ERK are 

differentially involved in gonadotropin-releasing hormone-induced growth 

hormone gene expression in the goldfish pituitary. Am J Physiol Regul 

Integr Comp Physiol. 289 (2005) R1625-R1633.

[166] Kleppisch, T., Feil, R., cGMP signalling in the mammalian brain: rôle in 

synaptic plasticity and behaviour. Handb Exp Pharmacol (2009) 549-579.

[167] Kluge, M., Schussler, P., Uhr, M., Yassouridis, A., Steiger, A., Ghrelin 

suppresses sécrétion of luteinizing hormone in humans. J Clin Endocrinol 

Metab. 92 (2007) 3202-3205.

[168] Kohno, D., Sone, H., Minokoshi, Y., Yada, T., Ghrelin raises [Ca2+]i via 

AMPK in hypothalamic arcuate nucléus NPY neurons. Biochemical and 

Biophysical Research Communications. 366 (2008) 388-392.

[169] Kojima, M., Hosoda, H., Date, Y., Nakazato, M., Matsuo, H., Kangawa, 

K., Ghrelin is a growth-hormone-releasing acylated peptide from stomach. 

Nature. 402 (1999) 656-660.

[170] Kojima, M., Kangawa, K., Ghrelin: structure and function. Physiol Rev.

85 (2005) 495-522.

[171] Kojima, M., Kangawa, K., Structure and function o f ghrelin. Results Probl 

Cell Differ. 46 (2008) 89-115.

[172] Kojima, M., Kangawa, K., Ghrelin: more than endogenous growth 

hormone secretagogue. Annals o f the New York Academy o f Sciences. 

1200 (2010) 140-148.



[173] Kola, B., Hubina, E., Tucci, S.A., Kirkham, T.C., Garcia, E.A., Mitchell, 

S.E., Williams, L.M., Hawley, S.A., Hardie, D.G., Grossman, A.B., 

Korbonits, M., Cannabinoids and ghrelin have both central and peripheral 

metabolic and cardiac effects via AMP-activated protein kinase. Journal of 

Biological Chemistry. 280 (2005) 25196-25201.

[174] Koriyama, Y., Yasuda, R., Homma, K., Mawatari, K., Nagashima, M., 

Sugitani, K., Matsukawa, T., Kato, S., Nitric oxide-cGMP signaling 

régulâtes axonal élongation during optic nerve régénération in the goldfish 

in vitro and in vivo. J Neurochem. 110 (2009) 890-901.

[175] Koutkia, P., Canavan, B., Breu, J., Johnson, M.L., Grinspoon, S.K., 

Noctumal ghrelin pulsatility and response to growth hormone 

secretagogues in healthy men. Am J Physiol Endocrinol Metab. 287

(2004) E506-512.

[176] Krsmanovic, L.Z., Hu, L., Leung, P.K., Feng, H., Catt, K.J., Pulsatile 

GnRH sécrétion: rôles o f G protein-coupled receptors, second messengers 

and ion channels. Mol Cell Endocrinol. 314 (2010) 158-163.

[177] Kwok, Y.Y., Chu, J.Y., Vaudry, H., Yon, L„ Anouar, Y., Chow, B.K., 

Cloning and characterization of a PAC1 receptor hop-1 splice variant in 

goldfish (Carassius auratus). Gen Comp Endocrinol. 145 (2006) 188-196.

[178] Lai, J.K.C., Cheng, C.H.K., Ko, W.H., Leung, P.S., Ghrelin System in 

pancreatic AR42J cells: its ligand stimulation evokes calcium signalling 

through ghrelin receptors. Int J Biochem Cell B. 37 (2005) 887-900.

[179] Laing, K.J., Grabowski, P.S., Belosevic, M., Secombes, C.J., A partial 

sequence for nitric oxide synthase from a goldfish (Carassius auratus) 

macrophage cell line. Immunol Cell Biol. 74 (1996) 374-379.

[180] Lamers, A.E., Groneveld, D., de Kleijn, D.P., Geeraedts, F.C., Leunissen, 

J.A., Flik, G., Wendelaar Bonga, S.E., Martens, G.J., Cloning and 

sequence analysis of a hypothalamic cDNA encoding a D lc  dopamine 

receptor in tilapia. Biochim Biophys Acta. 1308 (1996) 17-22.



[181] Lanfranco, F., Bonelli, L., Baldi, M., Me, E., Broglio, F., Ghigo, E., 

Acylated ghrelin inhibits spontaneous luteinizing hormone pulsatility and 

responsiveness to naloxone but not that to gonadotropin-releasing 

hormone in young men: evidence for a central inhibitory action o f ghrelin 

on the gonadal axis. J Clin Endocrinol Metab. 93 (2008) 3633-3639.

[182] Lau, P.N., Chow, K.B.S., Chan, C.-B., Cheng, C.H.K., Wise, H., The 

constitutive activity of the ghrelin receptor atténuâtes apoptosis via a 

protein kinase C-dependent pathway. Molecular and Cellular 

Endocrinology. 299 (2009) 232-239.

[183] Le Gac, F., Ollitrault, M., Loir, M., Le Bail, P.Y., Evidence for binding 

and action of growth hormone in trout testis. Biol Reprod. 46 (1992) 949- 

957.

[184] Lebrethon, M.C., Aganina, A., Fournier, M., Gérard, A., Parent, A.S., 

Bourguignon, J.P., Effects of in vivo and in vitro administration of ghrelin, 

leptin and neuropeptide mediators on pulsatile gonadotrophin-releasing 

hormone sécrétion from maie rat hypothalamus before and after puberty. J 

Neuroendocrinol. 19 (2007) 181-188.

[185] Lee, L.T.O., Siu, F.K.Y., Tarn, J.K.V., Lau, I.T.Y., Wong, A.O.L., Lin, 

M.C.M., Vaudry, H., Chow, B.K.C., Discovery o f growth hormone- 

releasing hormones and receptors in nonmammalian vertebrates. 

Proceedings o f the National Academy o f Sciences. 104 (2007) 2133-2138.

[186] Lei, T., Buchfelder, M., Fahlbusch, R., Adams, E.F., Growth-Hormone 

Releasing Peptide (Ghrp-6 ) Stimulâtes Phosphatidylinositol (Pi) Turnover 

in Human Pituitary Somatotroph Cells. Journal o f Molecular 

Endocrinology. 14(1995) 135-138.

[187] Leung, P.-K., Chow, K.B.S., Lau, P.-N., Chu, K.-M., Chan, C.-B., Cheng, 

C.H.K., Wise, H., The truncated ghrelin receptor polypeptide (GHS-Rlb) 

acts as a dominant-negative mutant o f the ghrelin receptor. Cellular 

Signalling. 19 (2007) 1011-1022.



[188] Li, W.G., Gavrila, D., Liu, X.B., Wang, L.X., Gunnlaugsson, S., Stoll, 

L.L., McCormick, M.L., Sigmund, C.D., Tang, C.S., Weintraub, N.L., 

Ghrelin inhibits proinflammatory responses and nuclear factor-kappa B 

activation in human endothélial cells. Circulation. 109 (2004) 2221-2226.

[189] Lim, C.T., Kola, B., Korbonits, M., The ghrelin/GOAT/GHS-R system 

and energy metabolism. Reviews in Endocrine and Metabolic Disorders.

12 (2011) 173-186.

[190] Lim, C.T., Lolli, F., Thomas, J.D., Kola, B., Korbonits, M., Measurement 

of AMP-Activated Protein Kinase Activity and Expression in Response to 

Ghrelin. Method Enzymol. 514 (2012) 271-287.

[191] Lim, G., Venetucci, L., Eisner, D.A., Casadei, B., Does nitric oxide 

modulate cardiac ryanodine receptor function? Implications for excitation- 

contraction coupling. Cardiovasc Res. 77 (2007) 256-264.

[192] Lin, H.R., Lu, M., Lin, X.W., Zhang, W.M., Sun, Y., Chen, L.X., Effects 

o f gonadotropin-releasing hormone (GnRH) analogs and sex steroids on 

growth hormone (GH) sécrétion and growth in common carp (Cyprinus 

carpio) and grass carp (Ctenopharyngodon idellus). Aquaculture. 135 

(1995) 173-184.

[193] Lo, A., Chang, J.P., In vitro application of testosterone potentiates 

gonadotropin-releasing hormone-stimulated gonadotropin-II sécrétion 

from cultured goldfish pituitary cells. Gen Comp Endocrinol. 111 (1998) 

334-346.

[194] Loir, M., Spermatogonia o f rainbow trout: II. in vitro study o f the 

influence o f pituitary hormones, growth factors and steroids on mitotic 

activity. Mol Reprod Dev. 53 (1999) 434-442.

[195] Lopez, M., Nogueiras, R., Tena-Sempere, M., Dieguez, C., Orexins 

(hypocretins) actions on the GHRH/somatostatin-GH axis. Acta Physiol. 

198 (2010)325-334.



240

[196] Lorenzi, T., Meli, R., Marzioni, D., Morroni, M., Baragli, A., Castellucci, 

M., Gualillo, O., Muccioli, G., Ghrelin: a metabolic signal affecting the 

reproductive system. Cytokine Growth Factor Rev. 20 (2009) 137-152.

[197] Lozach, A., Garrel, G., Lerrant, Y., Berault, A., Counis, R., GnRH- 

dependent up-regulation of nitric oxide synthase I level in pituitary 

gonadotrophs médiates cGMP élévation during rat proestrus. Molecular 

and Cellular Endocrinology. 143 (1998) 43-51.

[198] Luini, A., Lewis, D., Guild, S., Schofield, G., Weight, F., Somatostatin, an 

Inhibitor o f Acth-Secretion, Decreases Cytosolic Free Calcium and 

Voltage-Dependent Calcium Current in a Pituitary Cell-Line. Journal o f 

Neuroscience. 6  (1986) 3128-3132.

[199] Luque, R.M., Rodriguez-Pacheco, F., Tena-Sempere, M., Gracia-Navarro,

F., Malagon, M.M., Castano, J.P., Differential contribution of nitric oxide 

and cGMP to the stimulatory effects o f growth hormone-releasing 

hormone and low-concentration somatostatin on growth hormone release 

from somatotrophs. J Neuroendocrinol. 17 (2005) 577-582.

[200] MacKenzie, D.S., Gould, D.R., Peter, R.E., Rivier, J., Vale, W.W., 

Response o f superfused goldfish pituitary fragments to mammalian and 

salmon gonadotropin-releasing hormones. Life Sci. 35 (1984) 2019-2026.

[201] Majchrzak, K., Szyszko, K., Pawlowski, K.M., Motyl, T., Krol, M., A rôle 

o f ghrelin in cancerogenesis. Pol J Vet Sci. 15 (2012) 189-197.

[202] Malagon, M.M., Luque, R.M., Ruiz-Guerrero, E., Rodriguez-Pacheco, F., 

Garcia-Navarro, S., Casanueva, F., Garcia-Navarro, F., Castano, J.P., 

Intracellular signaling mechanisms mediating ghrelin-stimulated growth 

hormone release in somatotropes. Endocrinology. 144 (2003) 5372-5380.

[203] Marchant, T.A., Fraser, R.A., Andrews, P.C., Peter, R.E., The influence of 

mammalian and teleost somatostatins on the sécrétion o f growth hormone 

from goldfish (Carassius auratus L.) pituitary fragments in vitro. Regul 

Pept. 17(1987)41-52.



241

[204] Marchant, T.A., Peter, R.E., Seasonal variations in body growth rates and 

circulating levels o f growth hormone in the goldfish, Carassius auratus. J 

Exp Zool. 237 (1986) 231-239.

[205] Martiny-Baron, G., Kazanietz, M.G., Mischak, H., Blumberg, P.M., 

Kochs, G., Hug, H., Marme, D., Schachtele, C., Sélective inhibition of 

protein kinase C isozymes by the indolocarbazole Go 6976. J Biol Chem. 

268(1993)9194-9197.

[206] Matsuda, K., Shioda, S., Arimura, A., Uchiyama, M., The study of 

pituitary adenylate cyclase activating polypeptide (PACAP)-like 

immunoreactivity in the brain of a teleost, stargazer, Uranoscopus 

japonicus. Zoological Science. 14 (1997) 645-650.

[207] Matsumoto, M., Hosoda, H., Kitajima, Y., Morozumi, N., Minamitake, Y., 

Tanaka, S., Matsuo, H., Kojima, M., Hayashi, Y., Kangawa, K., Structure- 

activity relationship of ghrelin: Pharmacological study of ghrelin peptides. 

Biochemical and Biophysical Research Communications. 287 (2001) 142- 

146.

[208] Matsuno, A., Itoh, J., Takekoshi, S., Itoh, Y., Ohsugi, Y., Katayama, H., 

Nagashima, T., Osamura, R.Y., Dynamics of subcellular organelles, 

growth hormone, Rab3B, SNAP-25, and syntaxin in rat pituitary cells 

caused by growth hormone releasing hormone and somatostatin. Microsc 

Res Tech. 62 (2003) 232-239.

[209] Mayo, K.E., Miller, T., DeAlmeida, V., Godfrey, P., Zheng, J., Cunha, 

S.R., Régulation o f the pituitary somatotroph cell by GHRH and its 

receptor. Recent Prog Horm Res. 55 (2000) 237-266; discussion 266-237.

[210] McKee, K.K., Palyha, O.C., Feighner, S.D., Hreniuk, D.L., Tan, C.P., 

Phillips, M.S., Smith, R.G., VanderPloeg, L.H.T., Howard, A.D., 

Molecular analysis o f rat pituitary and hypothalamic growth hormone 

secretagogue receptors. Molecular Endocrinology. 11 (1997)415-423.



[211] Meij, B.P., Mol, J.A., Hazewinkel, H.A., Bevers, M.M., Rijnberk, A,, 

Assessment o f a combined anterior pituitary function test in beagle dogs: 

rapid sequential intravenous administration o f  four hypothalamic releasing 

hormones. Domest Anim Endocrinol. 13 (1996) 161-170.

[212] Meints, A.N., Pemberton, J.G., Chang, J.P., Nitric Oxide and Guanylate 

Cyclase Signalling are Differentially Involved in Gonadotrophin (LH) 

Release Responses to Two Endogenous GnRHs from Goldfish Pituitary 

Cells. J Neuroendocrinol. 24 (2012) 1166-1181.

[213] Menegon, A., Bonanomi, D., Albertinazzi, C., Lotti, F., Ferrari, G., Kao,

H.T., Benfenati, F., Baldelli, P., Valtorta, F., Protein kinase A-mediated 

synapsin I phosphorylation is a central modulator o f  Ca2+-dependent 

synaptic activity. J Neurosci. 26 (2006) 11670-11681.

[214] Miller, D.W., Harrison, J.L., Brown, Y.A., Doyle, U., Lindsay, A., Adam,

C.L., Lea, R.G., Immunohistochemical evidence for an 

endocrine/paracrine rôle for ghrelin in the reproductive tissues o f  sheep. 

Reproductive Biology and Endocrinology. 3 (2005).

[215] Minokoshi, Y., Alquier, T., Furukawa, N., Kim, Y.B., Lee, A., Xue, B., 

Mu, J., Foufelle, F., Ferre, P., Birnbaum, M.J., Stuck, B.J., Kahn, B.B., 

AMP-kinase régulâtes food intake by responding to hormonal and nutrient 

signais in the hypothalamus. Nature. 428 (2004) 569-574.

[216] Misra, M., Miller, K.K., Kuo, K., Griffin, K., Stewart, V., Hunter, E., 

Herzog, D.B., Klibanski, A., Secretory dynamics o f  ghrelin in adolescent 

girls with anorexia nervosa and healthy adolescents. Am J Physiol 

Endocrinol Metab. 289 (2005) E347-356.

[217] Mitchell, G., Sawisky, G., Grey, C., Wong, C., Uretsky, A., Chang, J., 

Differential involvement o f  nitric oxide signaling in dopamine and 

PACAP stimulation o f growth hormone release in goldfish. Gen Comp 

Endocrinol. 155 (2008) 318-327.



243

[218] Mitchell, G., Sawisky, G.R., Grey, C.L., Wong, C.J., Uretsky, A.D., 

Chang, J.P., Differential involvement o f  nitric oxide signaling in 

dopamine and PACAP stimulation o f growth hormone release in goldfish. 

Gen Comp Endocrinol. 155 (2008) 318-327.

[219] Mitchell, G., Sawisky, G.R., Grey, C.L., Wong, C.J., Uretsky, A.D., 

Chang, J.P., Differential involvement o f  nitric oxide signaling in 

dopamine and PACAP stimulation o f growth hormone release in goldfish. 

Gen Comp Endocrinol. 155 (2008) 318-327.

[220] Mitchell, V., Bouret, S., Beauvillain, J.C., Schilling, A., Perret, M., 

Kordon, C., Epelbaum, J., Comparative distribution o f  mRNA encoding 

the growth hormone secretagogue-receptor (GHS-R) in Microcebus 

murinus (Primate, Lemurian) and rat forebrain and pituitary. Journal o f  

Comparative Neurology. 429 (2001) 469-489.

[221] Miura, T., Maruyama, K., Kaiya, H., Miyazato, M., Kangawa, K., 

Uchiyama, M., Shioda, S., Matsuda, K., Purification and properties o f  

ghrelin from the intestine o f  the goldfish, Carassius auratus. Peptides. 30

(2009) 758-765.

[222] Mommsen, T.P., Paradigms o f growth in fish. Comp Biochem Physiol B 

Biochem Mol Biol. 129 (2001) 207-219.

[223] Mondai, M., Rajkhowa, C., Prakash, B.S., Exogenous GH-releasing 

hormone increases GH and LH sécrétion in growing mithuns (Bos 

frontalis). Gen Comp Endocrinol. 149 (2006) 197-204.

[224] Montera, M., Yon, L., Kikuyama, S., Dufour, S., Vaudry, H., Molecular 

évolution o f  the growth hormone-releasing hormone/pituitary adenylate 

cyclase-activating polypeptide gene family. Functional implication in the 

régulation o f  growth hormone sécrétion. J Mol Endocrinol. 25 (2000) 157- 

168.



[225] Moore, C.A., Kittilson, J.D., Ehrman, M.M., Sheridan, M.A., Rainbow 

trout (Oncorhynchus mykiss) possess two somatostatin mRNAs that are 

differentially expressed. Am J Physiol-Reg I. 277 (1999) R1553-R1561.

[226] Mora-Ferrer, C., Yazulla, S., Studholme, K.M., Haak-Frendscho, M., 

Dopamine D1-receptor immunolocalization in goldfish retina. Journal o f  

Comparative Neurology. 411 (1999) 705-714.

[227] Morley, J.E., Farr, S.A., Sell, R.L., Hileman, S.M., Banks, W.A., Nitric 

oxide is a central component in neuropeptide régulation of appetite. 

Peptides. 32 (2011) 776-780.

[228] Moussavi, M., Wlasichuk, M., Chang, J.P., Habibi, H.R., Seasonal effect 

o f GnIH on gonadotrope functions in the pituitary o f  goldfish. Mol Cell 

Endocrinol. 350 (2012) 53-60.

[229] Moussavi, M., Wlasichuk, M., Chang, J.P., Habibi, H.R., Seasonal effect 

o f GnIH on GnRH-induced gonadotroph functions in the goldfish 

pituitary. J Neuroendocrinol (2013).

[230] Muccioli, G., Lorenzi, T., Lorenzi, M., Ghe, C., Amoletti, E., Raso, G.M., 

Castellucci, M., Gualillo, O., Meli, R., Beyond the metabolic rôle o f  

ghrelin: a new player in the régulation o f reproductive function. Peptides. 

32 (2011)2514-2521.

[231] Muller, A.F., Lamberts, S.W., Janssen, J.A., Hofland, L.J., Koetsveld, 

P.V., Bidlingmaier, M., Strasburger, C.J., Ghigo, E., Van der Lely, A.J., 

Ghrelin drives GH sécrétion during fasting in man. Eur J Endocrinol. 146

(2002) 203-207.

[232] Nagaya, N., Uematsu, M., Kojima, M., Date, Y., Nakazato, M., Okumura,

H., Hosoda, H., Shimizu, W., Yamagishi, M., Oya, H., Koh, H., Yutani,

C., Kangawa, K., Elevated Circulating Level o f  Ghrelin in Cachexia 

Associated With Chronic Heart Failure: Relationships Between Ghrelin 

and Anabolic/Catabolic Factors. Circulation. 104 (2001) 2034-2038.



[233] Nakazato, M., Murakami, N., Date, Y., Kojima, M., Matsuo, H.,

Kangawa, K., Matsukura, S., A rôle for ghrelin in the central régulation of 

feeding. Nature. 409 (2001) 194-198.

[234] Nass, R., Farhy, L.S., Liu, J., Prudom, C.E., Johnson, M.L., Veldhuis, P., 

Pezzoli, S.S., Oliveri, M.C., Gaylinn, B.D., Geysen, H.M., Thomer, M.O., 

Evidence for acyl-ghrelin modulation o f  growth hormone release in the 

fed State. J Clin Endocrinol Metab. 93 (2008) 1988-1994.

[235] Nass, R., Gaylinn, B.D., Thomer, M.O., The rôle o f ghrelin in GH 

sécrétion and GH disorders. Molecular and Cellular Endocrinology. 340 

(2011) 10-14.

[236] Nishi, Y., Yoh, J., Hiejima, H., Kojima, M., Structures and molecular 

forms o f the ghrelin-family peptides. Peptides. 32 (2011) 2175-2182.

[237] Nishida, C.R., Ortiz de Montellano, P.R., Electron transfer and catalytic 

activity o f nitric oxide synthases. Chimeric constructs o f  the neuronal, 

inducible, and endothélial isoforms. J Biol Chem. 273 (1998) 5566-5571.

[238] O'Brien, M., Earley, P., Morrison, J.J., Smith, T.J., Ghrelin in the human 

myometrium. Reprod Biol Endocrinol. 8  (2010) 55.

[239] Oakley, A.E., Clifton, D.K., Steiner, R.A., Kisspeptin signaling in the 

brain. Endocr Rev. 30 (2009) 713-743.

[240] Oh, S., McCaslin, P.P., The iron component o f  sodium nitroprusside 

blocks NMDA-induced glutamate accumulation and intracellular Ca2+ 

élévation. Neurochem Res. 20 (1995) 779-784.

[241] Olsson, C., Holbrook, J.D., Bompadre, G., Jônsson, E., Hoyle, C.H.V., 

Sanger, G.J., Holmgren, S., Andrews, P.L.R., Identification o f  genes for 

the ghrelin and motilin receptors and a novel related gene in fish, and 

stimulation o f intestinal motility in zebrafish (Danio rerio) by ghrelin and 

motilin. General and Comparative Endocrinology. 155 (2008) 217-226.

[242] Ong, H., McNicoll, N., Escher, E., Collu, R., Deghenghi, R., Locatelli, V., 

Ghigo, E., Muccioli, G., Boghen, M., Nilsson, M., Identification o f a



246

pituitary growth hormone-releasing peptide (GHRP) receptor subtype by 

photoaffinity labeling. Endocrinology. 139 (1998) 432-435.

[243] Opie, L., Calcium channel antagonists, part I: Fundamental properties: 

mechanisms, classification, sites o f action. Cardiovasc Drugs Ther. 1 

(1987)411 -430 .

[244] Otero, M., Nogueiras, R., Lago, F., Dieguez, C., Gomez-Reino, J.J., 

Gualillo, O., Chronic inflammation modulâtes ghrelin levels in humans 

and rats. Rheumatology. 43 (2004) 306-310.

[245] Overduin, J., Figlewicz, D.P., Bennett-Jay, J., Kittleson, S., Cummings,

D.E., Ghrelin increases the motivation to eat, but does not alter food 

palatability. Am J Physiol-Reg I. 303 (2012) R259-R269.

[246] Pals, K., Roudbaraki, M., Denef, C., Growth hormone-releasing hormone 

and glucocorticoids détermine the balance between luteinising hormone 

(LH) beta- and LH beta/follicle-stimulating hormone beta-positive 

gonadotrophs and somatotrophs in the 14-day-old rat pituitary tissue in 

aggregate cell culture. J Neuroendocrinol. 20 (2008) 535-548.

[247] Palyha, O.C., Feighner, S.D., Tan, C.P., McKee, K.K., Hreniuk, D.L.,

Gao, Y.D., Schleim, K.D., Yang, L.H., Morriello, G.J., Nargund, R., 

Patchett, A.A., Howard, A.D., Smith, R.G., Ligand activation domain o f  

human orphan growth hormone (GH) secretagogue receptor (GHS-R) 

conserved from pufferfish to humans. Molecular Endocrinology. 14 

(2000) 160-169.

[248] Parhar, I.S., Sato, H., Sakuma, Y., Ghrelin gene in cichlid fish is 

modulated by sex and development. Biochem Biophys Res Commun. 305

(2003) 169-175.

[249] Parker, D.B., Power, M.E., Swanson, P., Rivier, J., Sherwood, N.M., Exon 

skipping in the gene encoding pituitary adenylate cyclase-activating 

polypeptide in salmon alters the expression o f  two hormones that stimulate 

growth hormone release. Endocrinology. 138 (1997) 414-423.



247

[250] Parmentier, S., Bohme, G.A., Lerouet, D., Damour, D., Stutzmann, J.M., 

Margaill, I., Plotkine, M., Sélective inhibition o f  inducible nitric oxide 

synthase prevents ischaemic brain injury. Br J Pharmacol. 127 (1999) 546- 

552.

[251] Patel, Y.C., Somatostatin and its receptor family. Front Neuroendocrinol. 

20(1999) 157-198.

[252] Perezsanchez, J., Weil, C., Lebail, P.Y., Effects o f Human Insulin-Like 

Growth Factor-I on Release o f  Growth-Hormone by Rainbow-Trout 

(Oncorhynchus-Mykiss) Pituitary-Cells. Journal o f Expérimental Zoology. 

262 (1992) 287-290.

[253] Peter, R.E., Trudeau, V.L., Sloley, B.D., Brain régulation or reproduction 

in teleosts. Bulletin o f  the Institute o f  Zoology (Taipei). Academica Sinica 

Monograph. 16 (1991) 89 - 118.

[254] Petersenn, S., Rasch, A.C., Penshom, M., Beil, F.U., Schulte, H.M., 

Genomic structure and transcriptional régulation o f the human growth 

hormone secretagogue receptor. Endocrinology. 142 (2001) 2649-2659.

[255] Pinilla, L., Barreiro, M.L., Tena-Sempere, M., Aguilar, E., Rôle o f  ghrelin 

in the control o f  growth hormone sécrétion in prepubertal rats: interactions 

with excitatory amino acids. Neuroendocrinology. 77 (2003) 83-90.

[256] Pinilla, L., Gonzalez, L.C., Tena-Sempere, M., Bellido, C., Aguilar, E., 

Effects o f  systemic blockade o f  nitric oxide synthases on pulsatile LH, 

prolactin, and GH sécrétion in adult maie rats. Horm Res. 55 (2001) 229- 

235.

[257] Popesku, J.T., Navarro-Martin, L., Trudeau, V.L., Evidence for 

Alternative Splicing o f  a Dopamine D2 Receptor in a Teleost. Physiol 

Biochem Zool. 84 (2011) 135-146.

[258] Potter, L.R., Guanylyl cyclase structure, function and régulation. Cell 

Signal. 23 (2011) 1921-1926.



[259] Price, C.J., Goldberg, J.I., Chang, J.P., Voltage-Activated Ionie Currents 

in Goldfish Pituitary-Cells. General and Comparative Endocrinology. 92 

(1993) 16-30.

[260] Qian, S., Chen, H., Weingarth, D., Trumbauer, M.E., Novi, D.E., Guan, 

X.M., Yu, H., Shen, Z., Feng, Y., Frazier, E., Chen, A.R., Camacho, R.E., 

Shearman, L.P., Gopal-Truter, S., MacNeil, D.J., Van der Ploeg, L.H.T., 

Marsh, D.J., Neither agouti-related protein nor neuropeptide Y is critically 

required for the régulation o f energy homeostasis in mice. Mol Cell Biol. 

22 (2002) 5027-5035.

[261] Rak, A., Szczepankiewicz, D., Gregoraszczuk, E.L., Expression o f ghrelin 

receptor, GHSR-la, and its functional rôle in the porcine ovarian follicles. 

Growth Hormone & IGF Research. 19 (2009) 68-76.

[262] Ramachandran, R., Ploug, K.B., Hay-Schmidt, A., Olesen, J., Jansen- 

Olesen, I., Gupta, S., Nitric oxide synthase (NOS) in the trigeminal 

vascular system and other brain structures related to pain in rats. 

Neuroscience Letters. 484 (2010) 192-196.

[263] Ran, X.Q., Li, W.S., Lin, H.R., Rat ghrelin stimulâtes GH release and GH 

mRNA expression in the pituitary o f orange-spotted grouper, Epinephelus 

coioides. Fish Physiology and Biochemistry. 30 (2004) 95-102.

[264] Rao, S.D., Rao, P.D., Peter, R.E., Growth hormone-releasing hormone 

immunoreactivity in the brain, pituitary, and pineal o f  the goldfish, 

Carassius auratus. Gen Comp Endocrinol. 102 (1996) 210-220.

[265] Reichlin, S., Somatostatin .1. N ew Engl J Med. 309 (1983) 1495-1501.

[266] Reichlin, S., Somatostatin .2. New Engl J Med. 309 (1983) 1556-1563.

[267] Richards, M.P., Poch, S.M., McMurtry, J.P., Characterization o f turkey 

and chicken ghrelin genes, and régulation o f ghrelin and ghrelin receptor 

mRNA levels in broiler chickens. General and Comparative 

Endocrinology. 145 (2006)298-310.



[268] Rigault, C., Le Borgne, F., Georges, B., Demarquoy, J., Ghrelin reduces 

hepatic mitochondrial fatty acid beta oxidation. J Endocrinol Invest. 30

(2007) Rc4-Rc8.

[269] Riley, L.G., Fox, B.K., Kaiya, H., Hirano, T., Grau, E.G., Long-term 

treatment o f  ghrelin stimulâtes feeding, fat déposition, and alters the 

GH/IGF-I axis in the tilapia, Oreochromis mossambicus. Gen Comp 

Endocrinol. 142 (2005) 234-240.

[270] Riley, L.G., Hirano, T., Grau, E.G., Rat ghrelin stimulâtes growth 

hormone and prolactin release in the tilapia, Oreochromis mossambicus. 

Zoolog Sci. 19 (2002) 797-800.

[271] Rodriguez-Pacheco, F., Luque, R.M., Tena-Sempere, M., Malagon, M.M., 

Castano, J.P., Ghrelin induces growth hormone sécrétion via a nitric oxide 

/cGMP signalling pathway. J Neuroendocrinol. 20 (2008) 406-412.

[272] Rousseau, K., Le Belle, N ., Pichavant, K., Marchelidon, J., Chow, B.K., 

Boeuf, G., Dufour, S., Pituitary growth hormone sécrétion in the turbot, a 

phylogenetically recent teleost, is regulated by a species-specific pattem of  

neuropeptides. Neuroendocrinology. 74 (2001) 375-385.

[273] Rudman, D., Growth-Hormone, Body-Composition, and Aging. J Am 

Geriatr Soc. 33 (1985) 800-807.

[274] Sakamoto, T., McCormick, S.D., Prolactin and growth hormone in fish 

osmoregulation. Gen Comp Endocrinol. 147 (2006) 24-30.

[275] Sanchez-Cardenas, C., Fontanaud, P., He, Z., Lafont, C., Meunier, A.C., 

Schaeffer, M., Carmignac, D., Molino, F., Coutry, N., Bonnefont, X., 

Gouty-Colomer, L.A., Gavois, E., Hodson, D.J., Le Tissier, P., Robinson,

I.C., Mollard, P., Pituitary growth hormone network responses are 

sexually dimorphic and regulated by gonadal steroids in adulthood. Proc 

Natl Acad Sci U S A. 107 (2010) 21878-21883.

[276] Sawisky, G.R., Chang, J.P., Intracellular calcium involvement in pituitary 

adenylate cyclase-activating polypeptide stimulation o f  growth hormone



250

and gonadotrophin sécrétion in goldfish pituitary cells. J Neuroendocrinol. 

17(2005)353-371.

[277] Schellekens, H., van Oeffelen, W.E., Dinan, T.G., Cryan, J.F.,

Promiscuous dimerization o f the growth hormone secretagogue receptor 

(GHS-Rla) atténuâtes ghrelin-mediated signalling. J Biol Chem (2012).

[278] Schmidt, H.H., Pollock, J.S., Nakane, M., Forstermann, U., Murad, F., 

Ca2+/calmodulin-regulated nitric oxide synthases. Cell Calcium. 13 

(1992) 427-434.

[279] Seim, I., Collet, C., Herington, A.C., Chopin, L.K., Revised genomic 

structure o f  the human ghrelin gene and identification o f  novel exons, 

alternative splice variants and natural antisense transcripts. Bmc 

Genomics. 8  (2007).

[280] Seim, I., Herington, A.C., Chopin, L.K., New insights into the molecular 

complexity o f  the ghrelin gene locus. Cytokine & Growth Factor Reviews. 

20 (2009) 297-304.

[281] Shepherd, B.S., Eckert, S.M., Parhar, I.S., Vijayan, M.M., Wakabayashi,

I., Hirano, T., Grau, E.G., Chen, T.T., The hexapeptide KP-102 (D-ala-D- 

beta-Nal-ala-trp-D-phe-lys-NH(2)) stimulâtes growth hormone release in a 

cichlid fish (Ooreochromis mossambicus). J Endocrinol. 167 (2000) R7- 

10.

[282] Shepherd, B.S., Johnson, J.K., Silverstein, J.T., Parhar, I.S., Vijayan, 

M.M., McGuire, A., Weber, G.M., Endocrine and orexigenic actions o f  

growth hormone secretagogues in rainbow trout (Oncorhynchus mykiss). 

Comp Biochem Physiol A Mol Integr Physiol. 146 (2007) 390-399.

[283] Shepperd, E., Peng, C., Unniappan, S., Ghrelinergic system in fish ovaries 

and ghrelin inhibition o f germinal vesicle breakdown in zebrafish oocytes. 

Gen Comp Endocrinol. 176 (2012) 426-431.

[284] Sheridan, M.A., Effects o f  Thyroxine, Cortisol, Growth-Hormone, and 

Prolactin on Lipid-Metabolism o f Coho Salmon, Oncorhynchus-Kisutch,



251

during Smoltification. General and Comparative Endocrinology. 64 (1986) 

220-238.

[285] Sherwood, N.M., Krueckl, S.L., McRory, J.E., The origin and function o f 

the pituitary adenylate cyclase-activating polypeptide (PACAP)/glucagon 

superfamily. Endocr Rev. 21 (2000) 619-670.

[286] Shuto, Y.J., Shibasaki, T., Wada, K., Parhar, I., Kamegai, J., Sugihara, H., 

Oikawa, S., Wakabayashi, I., Génération o f polyclonal antiserum against 

the growth hormone secretagogue receptor (GHS-R) - Evidence that the 

GHS-R exists in the hypothalamus, pituitary and stomach o f rats. Life 

Sciences. 6 8  (2001)991-996.

[287] Singh, H., Griffith, R.W., Takahashi, A., Kawauchi, H., Thomas, P., 

Stegeman, J.J., Régulation o f gonadal steroidogenesis in Fundulus 

heteroclitus by recombinant salmon growth hormone and purified salmon 

prolactin. Gen Comp Endocrinol. 72 (1988) 144-153.

[288] Sirotkin, A.V., Grossmann, R., Maria-Peon, M.T., Roa, J., Tena-Sempere, 

M., Klein, S., Novel expression and functional rôle o f  ghrelin in chicken 

ovary. Molecular and Cellular Endocrinology. 257-8 (2006) 15-25.

[289] Sirotkin, A.V., Meszarosova, M., Comparison o f  effects of leptin and 

ghrelin on porcine ovarian granulosa cells. Domestic Animal 

Endocrinology. 39 (2010) 1-9.

[290] Sirotkin, A.V., Pavlova, S., Tena-Sempere, M., Grossmann, R., Jimenez, 

M.R., Rodriguez, J.M.C., Valenzuela, F., Food restriction, ghrelin, its 

antagonist and obestatin control expression o f ghrelin and its receptor in 

chicken hypothalamus and ovary. Comp Biochem Phys A. 164 (2013) 

141-153.

[291] Slomiany, B.L., Slomiany, A., Helicobacter pylori Induces Disturbances 

in Gastric Mucosal Akt Activation through Inducible Nitric Oxide 

Synthase-Dependent S-Nitrosylation: Effect o f Ghrelin. ISRN 

Gastroenterol. 2011 (2011) 1-8.



252

[292] Small, B.C., Quiniou, S.M.A., Kaiya, H., Sequence, genomic organization 

and expression o f two channel catfish, Ictalurus punctatus, ghrelin 

receptors. Comparative Biochemistry and Physiology - Part A: Molecular 

& Integrative Physiology. 154 (2009) 451-464.

[293] Sokolowska-Mikolajczyk, M., Socha, M., Szczerbik, P., Epier, P., The 

effects o f ghrelin on the in vitro spontaneous and sGnRH-A stimulated 

luteinizing hormone (LH) release from the pituitary cells o f common carp 

(Cyprinus carpio L.). Comp Biochem Physiol A Mol Integr Physiol. 153

(2009) 386-390.

[294] Soriano-Guillen, L., Barrios, V., Chowen, J.A., Sanchez, I., Vila, S., 

Quero, J., Argente, J., Ghrelin levels from fetal life through early 

adulthood: Relationship with endocrine and metabolic and anthropométrie 

measures. J Pediatr. 144 (2004) 30-35.

[295] Stamler, J.S., Lamas, S., Fang, F.C., Nitrosylation. the prototypic redox- 

based signaling mechanism. Cell. 106 (2001) 675-683.

[296] Stoyanovsky, D., Murphy, T., Anno, P.R., Kim, Y.M., Salama, G., Nitric 

oxide activâtes skeletal and cardiac ryanodine receptors. Cell Calcium. 21 

(1997) 19-29.

[297] Sudar, E., Dobutovic, B., Soskic, S., Mandusic, V., Zakula, Z., Misirkic, 

M., Vucicevic, L., Janjetovic, K., Trajkovic, V., Mikhailidis, D.P., 

Isenovic, E.R., Régulation o f inducible nitric oxide synthase 

activity/expression in rat hearts from ghrelin-treated rats. J Physiol 

Biochem. 67 (2010) 195-204.

[298] Sumpter, J.P., Lincoln, R.F., Bye, V.J., Carragher, J.F., Lebail, P.Y., 

Plasma Growth-Hormone Levels during Sexual-Maturation in Diploid and 

Triploid Rainbow-Trout (Oncorhynchus-Mykiss). General and 

Comparative Endocrinology. 83 (1991) 103-110.

[299] Sun, Y.X., Wang, P., Zheng, H., Smith, R.G., Ghrelin stimulation o f  

growth hormone release and appetite is mediated through the growth



hormone secretagogue receptor. PNatl Acad Sci USA. 101 (2004) 4679- 

4684.

[300] Suzuki, H., Yamamoto, T., Ghrelin- and growth hormone secretagogue 

receptor-immunoreactive cells in Xenopus pancréas. Regulatory Peptides. 

169 (2011)64-69.

[301] Takahashi, H., Kurose, Y., Suzuki, Y., Kojima, M., Yamaguchi, T., 

Yoshida, Y., Ogino, M., Hodate, K., Azuma, Y., Sugino, T., Kangawa, K., 

Hasegawa, Y., Kobayashi, S., Ghrelin differentially modulâtes the GH 

secretory response to GHRH between the fed and fasted States in sheep. 

Domest Anim Endocrinol. 37 (2009) 55-60.

[302] Tarn, J.K., Lee, L.T., Cheng, C.H., Chow, B.K., Discovery o f  a new  

reproductive hormone in teleosts: pituitary adenylate cyclase-activating 

polypeptide-related peptide (PRP). Gen Comp Endocrinol. 173 (2011) 

405-410.

[303] Tarn, J.K., Lee, L.T., Chow, B.K., PACAP-related peptide (PRP)-- 

molecular évolution and potential functions. Peptides. 28 (2007) 1920- 

1929.

[304] Tanaka, M., Hayashida, Y., Iguchi, T., Nakao, N ., Nakai, N., Nakashima, 

K., Organization o f  the mouse ghrelin gene and promoter: occurrence o f  a 

short noncoding first exon. Endocrinology. 142 (2001) 3697-3700.

[305] Tanaka, M., Miyazaki, T., Yamamoto, I., Nakai, N ., Ohta, Y., Tsushima, 

N., Wakita, M., Shimada, K., Molecular characterization o f chicken 

growth hormone secretagogue receptor gene. General and Comparative 

Endocrinology. 134 (2003) 198-202.

[306] Tannenbaum, G.S., Interrelationship between the Novel Peptide Ghrelin 

and Somatostatin/Growth Hormone-Releasing Hormone in Régulation o f  

Pulsatile Growth Hormone Sécrétion. Endocrinology. 144 (2003) 967-974.

[307] Tannenbaum, G.S., Zhang, W.H., Lapointe, M., Zeitler, P., Beaudet, A., 

Growth hormone-releasing hormone neurons in the arcuate nucléus



254

express both sstl and sst2 somatostatin receptor genes. Endocrinology. 

139(1998) 1450-1453.

[308] Taub, D.D., Neuroendocrine interactions in the immune system. Cellular 

Immunology. 252 (2008) 1-6.

[309] Tena-Sempere, M., Ghrelin as a pleotrophic modulator o f gonadal 

function and reproduction. Nat Clin Pract Endoc. 4 (2008) 666-674.

[310] Thidarmyint, H., Yoshida, H., Ito, T., He, M., Inoue, H., Kuwayama, H., 

Combined administration o f ghrelin and GHRH synergistically stimulâtes 

GH release in Holstein preweaning calves. Domest Anim Endocrinol. 34

(2008) 118-123.

[311] Toselli, M., Taglietti, V., L-type calcium channel gating is modulated by 

bradykinin with a PKC-dependent mechanism in NG108-15 cells. Eur 

Biophys J Biophy. 34 (2005) 217-229.

[312] Toullec, D., Pianetti, P., Coste, H., Bellevergue, P., Grand-Perret, T., 

Ajakane, M., Baudet, V., Boissin, P., Boursier, E., Loriolle, F., Duhamel, 

L., Charon, D., Kirilovsky, J., The bisindolylmaleimide GF 109203X is a 

potent and sélective inhibitor o f  protein kinase C. J Biol Chem. 266 (1991) 

15771-15781.

[313] Traebert, M., Riediger, T., Whitebread, S., Scharrer, E., Schmid, H.A., 

Ghrelin acts on leptin-responsive neurones in the rat arcuate nucléus. 

Journal o f  Neuroendocrinology. 14 (2002) 580-586.

[314] Triggle, D.J., L-type calcium channels. Curr Pharm Design. 12 (2006) 

443-457.

[315] Trudeau, V.L., Neuroendocrine régulation o f gonadotrophin II release and 

gonadal growth in the goldfish, Carassius auratus. Rev Reprod. 2 (1997) 

55-68.

[316] Tsutsui, K., Ubuka, T., Bentley, G.E., Kriegsfeld, L.J., Gonadotropin- 

inhibitory hormone (GnIH): discovery, progress and prospect. Gen Comp 

Endocrinol. 177 (2012) 305-314.



255

[317] Tups, A., Helwig, M., Khorooshi, Archer, Z.A., Klingenspor, M.,

Mercer, J.G., Circulating ghrelin levels and central ghrelin receptor 

expression are elevated in response to food deprivation in a seasonal 

mammal (Phodopus sungorus). Journal ofNeuroendocrinology. 16 (2004) 

922-928.

[318] Tumer, J.P., Tannenbaum, G.S., In vivo evidence o f  a positive rôle for 

somatostatin to optimize pulsatile growth hormone sécrétion. Am J 

Physiol. 269 (1995) E683-690.

[319] Unniappan, S., Ghrelin: an emerging player in the régulation o f  

reproduction in non-mammalian vertebrates. Gen Comp Endocrinol. 167

(2010) 340-343.

[320] Unniappan, S., Canosa, L.F., aacute, Peter, R.E., Orexigenic Actions o f  

Ghrelin in Goldfish: Feeding-Induced Changes in Brain and Gut mRNA 

Expression and Sérum Levels, and Responses to Central and Peripheral 

Injections. Neuroendocrinology. 79 (2004) 100-108.

[321] Unniappan, S., Lin, X., Cervini, L., Rivier, J., Kaiya, H., Peter, R.E., 

Goldfish ghrelin: molecular characterization o f  the complementary 

deoxyribonucleic acid, partial gene structure and evidence for Its 

stimulatory rôle in food intake. Endocrinology. 143 (2002) 4143-4146.

[322] Unniappan, S., Peter, R., In vitro and in vivo effects o f  ghrelin on 

luteinizing hormone and growth hormone release in goldfish. Am J 

Physiol Regul Integr Comp Physiol. 286 (2004) R1093-R1101.

[323] Unniappan, S., Peter, R.E., Structure, distribution and physiological 

functions o f  ghrelin in fish. Comparative Biochemistry and Physiology - 

Part A: Molecular & Integrative Physiology. 140 (2005) 396-408.

[324] Uretsky, A.D., Chang, J.P., Evidence that nitric oxide is involved in the 

régulation o f growth hormone sécrétion in goldfish. Gen Comp 

Endocrinol. 118 (2000) 461-470.



256

[325] Uretsky, A.D., Weiss, B.L., Yunker, W.K., Chang, J.P., Nitric oxide 

produced by a novel nitric oxide synthase isoform is necessary for 

gonadotropin-releasing hormone-induced growth hormone sécrétion via a 

cGMP-dependent mechanism. J Neuroendocrinol. 15 (2003) 667-676.

[326] Valverde, I., Penalva, A., Ghigo, E., Casanueva, F.F., Dieguez, C., 

Involvement o f  nitric oxide in the régulation o f  growth hormone sécrétion 

in dogs. Neuroendocrinology. 74 (2001) 213-219.

[327] van der Lely, A.J., Tschop, M., Heiman, M.L., Ghigo, E., Biological, 

physiological, pathophysiological, and pharmacological aspects o f  ghrelin. 

Endocrine Reviews. 25 (2004) 426-457.

[328] Van Goor, F., Goldberg, J.I., Chang, J.P., Dopamine-D2 actions on 

voltage-dependent calcium current and gonadotropin-II sécrétion in 

cultured goldfish gonadotrophs. J Neuroendocrinol. 10 (1998) 175-186.

[329] Van Goor, F., Goldberg, J.I., Wong, A.O.L., Jobin, R.M., Chang, J.P., 

Morphological identification o f live gonadotropin, growth-hormone, and 

prolactin cells in goldfish (Carassius auratus) pituitary-cell cultures. Cell 

Tissue Res. 276 (1994) 253-261.

[330] Vaudry, D., Gonzalez, B.J., Basille, M., Yon, L., Foumier, A., Vaudry, H., 

Pituitary adenylate cyclase-activating polypeptide and its receptors: From 

structure to functions. Pharmacological Reviews. 52 (2000) 269-324.

[331] Vaughan, J.M., Rivier, J., Spiess, J., Peng, C., Chang, J.P., Peter, R.E., 

Vale, W., Isolation and characterization o f hypothalamic growth-hormone 

releasing factor from common carp, Cyprinus carpio.

Neuroendocrinology. 56 (1992) 539-549.

[332] Veldhuis, J.D., Anderson, S.M., Shah, N., Bray, M., Vick, T., Gentili, A., 

Mulligan, T., Johnson, M.L., Weltman, A., Evans, W.S., Iranmanesh, A., 

Neurophysiological régulation and target-tissue impact o f the pulsatile 

mode o f growth hormone sécrétion in the human. Growth Horm IGF Res. 

11 Suppl A (2001) S25-37.



257

[333] Veldhuis, J.D., Bowers, C.Y., Human GH pulsatility: An ensemble 

property regulated by âge and gender. J Endocrinol Invest. 26 (2003) 799- 

813.

[334] Viana, F., Hille, B., Modulation o f high voltage-activated calcium 

channels by somatostatin in acutely isolated rat amygdaloid neurons. 

Journal o f  Neuroscience. 16 (1996) 6000-6011.

[335] Villanueva, C., Giulivi, C., Subcellular and cellular locations o f  nitric 

oxide synthase isoforms as déterminants o f  health and disease. Free Radie 

Biol Med. 49 (2010)307-316.

[336] Vulliemoz, N.R., Xiao, E., Zhang, L.X., Germond, M., Rivier, J., Ferin, 

M., Decrease in luteinizing hormone puise frequency during a fîve-hour 

peripheral ghrelin infusion in the ovariectomized rhésus monkey. Journal 

o f Clinical Endocrinology & Metabolism. 89 (2004) 5718-5723.

[337] Waseem, T., Duxbury, M., Ito, H., Ashley, S.W., Robinson, M.K., 

Exogenous ghrelin modulâtes release o f  pro-inflammatory and anti- 

inflammatory cytokines in LPS-stimulated macrophages through distinct 

signaling pathways. Surgery. 143 (2008) 334-342.

[338] Weckbecker, G., Lewis, I., Albert, R., Schmid, H.A., Hoyer, D., Bruns, C., 

Opportunities in somatostatin research: biological, Chemical and 

therapeutic aspects. Nat Rev Drug Discov. 2 (2003) 999-1017.

[339] Wei, W., Wang, G.Y., Qi, X., Englander, E.W., Greeley, G.H., 

Characterization and régulation o f  the rat and human ghrelin promoters. 

Endocrinology. 146 (2005) 1611-1625.

[340] Weil, C., Carre, F., Biaise, O., Breton, B., Le Bail, P.Y., Differential effect 

o f insulin-like growth factor I on in vitro gonadotropin (I and II) and 

growth hormone sécrétions in rainbow trout (Oncorhynchus mykiss) at 

différent stages o f  the reproductive cycle. Endocrinology. 140 (1999) 

2054-2062.



258

[341] Wong, A.O., Chang, J.P., Peter, R.E., Dopamine stimulâtes growth 

hormone release from the pituitary o f goldfish, Carassius auratus, through 

the dopamine D1 receptors. Endocrinology. 130 (1992) 1201-1210.

[342] Wong, A.O., Chang, J.P., Peter, R.E., Characterization o f D1 receptors 

mediating dopamine-stimulated growth hormone release from pituitary 

cells o f  the goldfish, Carassius auratus. Endocrinology. 133 (1993) 577- 

584.

[343] Wong, A.O., Chang, J.P., Peter, R.E., In vitro and in vivo evidence that 

dopamine exerts growth hormone-releasing activity in goldfish. Am J 

Physiol. 264 (1993) E925-932.

[344] Wong, A.O., Chang, J.P., Peter, R.E., Interactions o f  somatostatin, 

gonadotropin-releasing hormone, and the gonads on dopamine-stimulated 

growth hormone release in the goldfish. Gen Comp Endocrinol. 92 (1993) 

366-378.

[345] Wong, A.O., Leung, M.Y., Shea, W.L., Tse, L.Y., Chang, J.P., Chow, 

B.K., Hypophysiotropic action o f pituitary adenylate cyclase-activating 

polypeptide (PACAP) in the goldfish: immunohistochemical 

démonstration o f  PACAP in the pituitary, PACAP stimulation o f  growth 

hormone release from pituitary cells, and molecular cloning o f  pituitary 

type I PACAP receptor. Endocrinology. 139 (1998) 3465-3479.

[346] Wong, A.O., Li, W.S., Lee, E.K., Leung, M.Y., Tse, L.Y., Chow, B.K., 

Lin, H.R., Chang, J.P., Pituitary adenylate cyclase activating polypeptide 

as a novel hypophysiotropic factor in fish. Biochem Cell Biol. 78 (2000) 

329-343.

[347] Wong, A.O., Van Goor, F., Jobin, R.M., Neumann, C.M., Chang, J.P., 

Interactions o f  cyclic adenosine 3',5'-monophosphate, protein kinase-C, 

and calcium in dopamine- and gonadotropin-releasing hormone-stimulated 

growth hormone release in the goldfish. Endocrinology. 135 (1994) 1593- 

1604.



[348] Wong, C.J., Kwong, P., Johnson, J.D., Yunker, W.K., Chang, J.P., 

Modulation o f  gonadotropin II release by K+ channel blockers in goldfish 

gonadotropes: a novel stimulatory action o f 4-aminopyridine. J 

Neuroendocrinol. 13 (2001) 951-958.

[349] Wren, A.M., Seal, L.J., Cohen, M.A., Brynes, A.E., Frost, G.S., Murphy, 

K.G., Dhillo, W.S., Ghatei, M.A., Bloom, S.R., Ghrelin enhances appetite 

and increases food intake in humans. J Clin Endocrinol Metab. 8 6  (2001) 

5992.

[350] Wren, A.M., Small, C.J., Ward, H.L., Murphy, K.G., Dakin, C.L., Taheri,

S., Kennedy, A.R., Roberts, G.H., Morgan, D.G., Ghatei, M.A., Bloom, 

S.R., The novel hypothalamic peptide ghrelin stimulâtes food intake and 

growth hormone sécrétion. Endocrinology. 141 (2000) 4325-4328.

[351] Wu, R.Q., Zhou, M., Cui, X.X., Simms, H.H., Wang, P., Upregulation o f  

cardiovascular ghrelin receptor occurs in the hyperdynamie phase o f  

sepsis. Am J Physiol-Heart C. 287 (2004) H1296-H1302.

[352] Xiao, D., Chu, M.M.S., Lee, E.K.Y., Lin, H.R., Wong, A.O.L., Régulation 

o f growth hormone release in common carp pituitary cells by pituitary 

adenylate cyclase-activating polypeptide: Signal transduction involves 

cAMP- and calcium-dependent mechanisms. Neuroendocrinology. 76 

(2002) 325-338.

[353] Xing, Y., Wensheng, L., Haoran, L., Polygénie expression o f  somatostatin 

in orange-spotted grouper (Epinephelus coioides): molecular cloning and 

distribution o f the mRNAs encoding three somatostatin precursors. Mol 

Cell Endocrinol. 241 (2005) 62-72.

[354] Xu, K.Y., Huso, D.L., Dawson, T.M., Bredt, D.S., Becker, L.C., Nitric 

oxide synthase in cardiac sarcoplasmic reticulum. Proc Natl Acad Sci U S 

A. 96(1999) 657-662.



260

[355] Xu, L., Eu, J.P., Meissner, G., Stamler, J.S., Activation o f the cardiac 

calcium release channel (ryanodine receptor) by poly-S-nitrosylation. 

Science. 279(1998) 234-237.

[356] Xu, M., Volkoff, H., Molecular characterization o f  ghrelin and gastrin- 

releasing peptide in Atlantic cod (Gadus morhua): Cloning, localization, 

developmental profile and rôle in food intake régulation. General and 

Comparative Endocrinology. 160 (2009) 250-258.

[357] Yamazaki, M., Kobayashi, H., Tanaka, T., Kangawa, K., Inoue, K., Sakai, 

T., Ghrelin-Induced Growth Hormone Release From Isolated Rat Anterior 

Pituitary Cells Dépends on Intracellullar and Extracellular Ca2+ Sources. 

Journal o f Neuroendocrinology. 16 (2004) 825-831.

[358] Yang, J., Brown, M.S., Liang, G., Grishin, N .V., Goldstein, J.L., 

Identification o f  the Acyltransferase that Octanoylates Ghrelin, an 

Appetite-Stimulating Peptide Hormone. Cell. 132 (2008) 387-396.

[359] Yeung, C.-M., Chan, C.-B., Cheng, C.H.K., Isolation and characterization 

o f the 5' -flanking région o f the growth hormone secretagogue receptor 

gene from black seabream Acanthopagrus schlegeli. Molecular and 

Cellular Endocrinology. 223 (2004) 5-15.

[360] Yoshimura, Y., Nagano, K., Subedi, K., Kaiya, H., Identification o f  

Immunoreactive Ghrelin and its mRNA in the Oviduct o f Laying Japanese 

Quail, Cotumix japonica. The Journal o f  Poultry Science. 42 (2005) 291 - 

3000.

[361] Yu, K.L., He, M.L., Chik, C.C., Lin, X.W., Chang, J.P., Peter, R.E., 

mRNA expression o f  gonadotropin-releasing hormones (GnRHs) and 

GnRH receptor in goldfish. Gen Comp Endocrinol. 112 (1998) 303-311.

[362] Yu, Y., Chang, J.P., Involvement o f protein kinase C and intracellular 

Ca2+ in goldfish brain somatostatin-28 inhibitory action on growth 

hormone release in goldfish. Gen Comp Endocrinol. 168 (2010) 71-81.



261

[363] Yu, Y., Chang, J.P., Goldfish brain somatostatin-28 differentially affects 

dopamine- and pituitary adenylate cyclase-activating polypeptide-induced 

GH release and Ca(2+) and cAMP signais. Mol Cell Endocrinol. 332

(2011)283-292.

[364] Yunker, W.K., Chang, J.P., Somatostatin-14 actions on dopamine- and 

pituitary adenylate cyclase-activating polypeptide-evoked Ca2+ signais 

and growth hormone sécrétion. J Neuroendocrinol. 16 (2004) 684-694.

[365] Yunker, W.K., Smith, S., Graves, C., Davis, P.J., Unniappan, S., Rivier, 

J.E., Peter, R.E., Chang, J.P., Endogenous hypothalamic somatostatins 

differentially regulate growth hormone sécrétion from goldfish pituitary 

somatotropes in vitro. Endocrinology. 144 (2003) 4031-4041.

[366] Zahradnikova, A., Minarovic, I., Zahradnik, I., Compétitive and 

Coopérative Effects o f Bay K8644 on the L-Type Calcium Channel 

Current Inhibition by Calcium Channel Antagonists. Journal o f  

Pharmacology and Expérimental Therapeutics. 322 (2007) 638-645.

[367] Zhang, J.V., Ren, P.G., Avsian-Kretchmer, O., Luo, C.W., Rauch, R., 

Klein, C., Hsueh, A.J.W., Obestatin, a peptide encoded by the ghrelin 

gene, opposes ghrelin's effects on food intake. Science. 310 (2005) 996- 

999.

[368] Zhang, W.M., Lin, H.R., Peter, R.E., Episodic Growth-Hormone Sécrétion 

in the Grass Carp, Ctenopharyngodon-Idellus (C and V). General and 

Comparative Endocrinology. 95 (1994) 337-341.

[369] Zhao, T.J., Liang, G.S., Li, R.L., Xie, X.F., Sleeman, M.W., Murphy, A.J., 

Valenzuela, D.M., Yancopoulos, G.D., Goldstein, J.L., Brown, M.S., 

Ghrelin O-acyltransferase (GOAT) is essential for growth hormone- 

mediated survival o f  calorie-restricted mice. P Natl Acad Sci USA. 107

(2010) 7467-7472.



262

[370] Zigman, J.M., Jones, J.E., Lee, C.E., Saper, C.B., Elmquist, J.K., 

Expression o f  ghrelin receptor mRNA in the rat and the mouse brain. 

Journal o f  Comparative Neurology. 494 (2006) 528-548.

[371] Zivadinovic, D., Tomic, M., Yuan, D., Stojilkovic, S.S., Cell-type spécifie 

messenger functions o f extracellular calcium in the anterior pituitary. 

Endocrinology. 143 (2002) 445-455.

[372] Zohar, Y., Munoz-Cueto, J.A., Elizur, A., Kah, O., Neuroendocrinology o f  

reproduction in teleost fish. Gen Comp Endocrinol. 165 (2010) 438-455.



263

Appendix 1 -  GHS-Rla protein expression

A .l. Introduction

Results from Chapters 3 ,4 , and 5 indicate that gGHS-Rla mRNA is 

présent in goldfish pituitary and suggest that gGRLN 19 is acting directly through 

the gGHS-Rla, as shown in mammals [6 , 7]. However, whether gGHS-Rla  

proteins are présent is not known. Here I preformed preliminary Western blot 

analysis o f the GHS-R-like proteins in the goldfish pituitary under basai 

conditions and following exposure to neuroendocrine factors. Given that 1) 

gGRLN 19 induces GH and LH release from goldfish pituitary cells (Chapters 3- 

10), 2) GRLN may have autocrine/paracrine effects at target tissues [2, 8 , 9], and 

3) gGRLNig treatment has been suggested to induce rapid desensitization in GH 

and LH release responses (Chapters 3 & 4), I chose to use treatments o f  other 

endogenous regulators o f  GH and LH release in addition to gGRLNi9 . 

Specifically, the current work looks at changes in immunoreactive gGHS-R-like 

proteins, compared to basai levels, in response to DA, PACAP, sGnRH, cGnRH- 

II, gGHRH, and gGRLN 19.

A.2. Materials and Methods

A.2.1. Animais, tissue collection and drugs treatments

Animais were maintained as described in Section 2.1. Hormone stock 

solutions were prepared as in Section 2.8. Following anaesthetization by 

immersion in 0.05% tricaine methanesulfonate (Aqualife, Syndel, Vancouver, 

Canada) and subséquent decapitated, pituitaries (12 per treatment, placed in 

individual tubes and kept separate throughout the protocol) from both maie and
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female goldfish were removed, washed 3 times with dispersion media, eut into 

fragments, and placed in 5 ml o f testing media in six-well plates (Primaria culture 

plates, Falcon). Following a 4-h treatment with maximally stimulatory 

concentrations o f  neuroendocrine regulators, samples were transferred to tubes, 

washed 3 times with PBS, and media was removed by centrifugation prior to cell 

lysis. Protein was extracted using cell lysis buffer (50 mM Tris, 150 mM NaCl, 

1% triton X-100) containing phosphatase and protease inhibitor cocktails (Roche, 

Mannheim, Germany).

A.2.2. Western Blot analysis

Protein concentrations were determined by the DC Protein Assay (Bio- 

Rad, Hercules, CA). For Western détection o f gGHS-R-like, protein samples (2.5 

pg/lane) were subjected to electrophoresis on a 12% gel by SDS-PAGE.

Separated proteins were blotted onto a 0.2 |im supported nitrocellulose membrane 

(Bio-Rad, Hercules, CA). Membranes were washed in Tris-buffered saline (TBS; 

20 mM Tris hydroxymethyl aminomethane, 144 mM NaCl, pH 7.6 with HC1; 

Bioshop, Burlington, ON) containing 0.8% (v/v) Tween-20 (Polyoxyethylene 20- 

Sorbitan Monolaurate; Fisher, Fairlawn, NJ) for 5 min followed by a 1-h blocking 

treatment at room température with 5% skim milk (BD, Sparks, MD). Following 

blocking, membranes were then incubated with the rabbit anti-rat G H S-Rla IgG 

(Alpha Diagnostic, San Antonio, TX) at a 1:800 dilution, ovemight at 4 °C. 

Specificity for GHS-Rla was tested by preadsorption o f  the primary antibody 

with its homologous antigen. After 3, 10-min, washes in TBS with 0.8% Tween 

and 3 10-min washes in TBS alone, membranes were incubated with horse radish 

peroxidase-labelled anti-rabbit IgG (Sigma, USA) at a 1:5000 dilution for 1 h at 

room température. After thorough washing in TBS with Tween and TBS alone, 

the immunocomplexes were visualized with the Peirce Western Blotting Substrate 

(Thermo scientific, Rockford, IL) followed by autoradiography on X-ray films 

(Kodak, Rochester, NY). For p-actin détection, membranes were first stripped in
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stripping buffer (70 mM sodium dodecyl sulfate, 0.5 M Tris hydroxymethyl 

aminomethane, pH 6 . 8  with HC1, 0.8% v/v p-mercaptoethanol), followed by 

ovemight incubation at 4 °C with rabbit anti-actin antibody (Sigma, USA) at a 

1:800 dilution. Following 3, 10-min, washes in TBS with 8 % Tween and 3, 10- 

min, washes in TBS alone, membranes were incubated with horse radish 

peroxidase-labelled anti-rabbit IgG (Sigma, USA) at a 1:5000 dilution for 1 h at 

room température and visualized with Peirce Western Blotting Substrate (Thermo 

scientific, Rockford, IL) followed by autoradiography on X-ray films (Kodak, 

Rochester, NY). Bands were quantified using Image J software. Intensity o f  the 

gGHS-R-like band was normalized to that observed o f the corresponding P-actin 

band. Responses to treatment were expressed as a percentage o f  untreated 

Controls.

A.3. Results

Both GHS-R and P-actin immunoreactive bands were detected in ail 

treatment samples (Fig. A.1A). Exposure to 1 nM gGRLNiç, 10 nM PACAP, 100 

nM cGnRH-II, lOOnM sGnRH, and 1 pM DA elevated gGHS-R-like protein 

levels by roughly 75, 80, 120, 125, and 100% over Controls, respectively, while 

100 nM gGHRH treatment was accompanied by a réduction in gGHS-R-like 

protein levels by approximately 85%, relative to untreated Controls (Fig. A.1B). 

Staining was not observed when using primary antibody against rat G H S-Rla that 

had been preadsorbed with antigen (results not shown).

A.4. Discussion

Although preliminary in nature, and without proper replicates for 

statistical analysis, the current results suggest that gGHS-R-like proteins are
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présent in goldfish pituitaries and that gGHS-R-like protein expression is 

differentially affected by 4-h treatments with various endogenous neuroendocrine 

regulators. The gGHS-R-like protein band has an approximate molecular size o f  

around 41 kDa, a size similar to that reported for mammalian GHS-Rla [3], and 

the predicted size o f  the gGHS-R, as based on its cDNA sequence (Chapter 3;

[4]).

The exact pituitary cell-types expressing gGHS-R-like proteins are not 

known. Likewise, whether the neuroendocrine factor-induced changes represent 

changes in ail, or only in sélective cell-types expressing these gGHS-R-like 

proteins, remains to be determined. Nonetheless, these changes likely lead to 

modulation o f  GH and/or LH release responses induced by gGRLN 19 treatment, 

given that gGRLN [ 9  has been shown to work directly through this receptor [6 , 7], 

and thus may represent a manner in which régulation o f gGRLN 19 action at the 

level o f the goldfish pituitary occurs.

The ability o f gGRLN 19 treatment to elevate gGHS-R-like protein levels is 

unexpected, given that the LH and GH responses to gGRLN 19 appear to rapidly 

desensitize (Chapters 3 & 4). On the other hand, these effects on gGHS-R-like 

protein expression may represent a long-term regulatory response related to 

recovery from desensitization, given that perifusion protocols utilize 5-min puises 

and here we used 4-h treatments. Interestingly, gGRLN 19 increases prior to, and 

decreases following, meals [5] while GHRH cycles throughout the day in 

response to changes in GH levels (Chapter 1; [11, 12]) and GHRH release 

increases in times o f  somatic growth [1]. Thus the changes in GHS-R-like protein 

levels following gGRLN 19 and gGHRH treatments are likely linked to the 

physiological régulation o f  growth and metabolism. In support o f this idea are 

recent fmdings which demonstrate a significant increases in avian hypothalamic 

GHS-Rla and GRLN mRNA levels in response to food restriction [10].
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Notably, PACAP treatment leads to an increase in gGHS-R-like protein 

expression here, and PACAP exposure prior to gGRLN 19 treatment leads to a 

potentiation o f the GH-release response (Chapter 8 ), suggesting that this increase 

in receptors for gGRLN 19 may contribute to PACAPs ability to potentiate 

gGRLN 19-induced GH release. In  contrast, D A  treatment similarly increased 

gGHS-R-like protein expression but D A  pre-exposure did not enhance gGRLNi9 - 

induced GH release (Chapter 8 ). Although the time-course o f  changes in gGHS- 

R-like protein expression following DA application is not known, these results 

with D A  are not at odds with the ideas proposed in Chapter 8 that other 

mechanisms, such as receptor heterodimerization, may play a rôle when gGRLNi9 

and D A  are co-applied.

Preliminary results from this appendix chapter show that both endogenous 

GnRHs are capable o f  increasing pituitary GHS-R-like protein expression (Fig, 

A .l). Despite elevating GHS-R-like protein expression, treatment with GnRH 

does not magnify the LH and GH release responses to gGRLN 1 9 , nor are the 

hormone-release responses to gGRLN 19 and GnRH additive (Chapter 10). Thus 

these findings on GnRH-induced GHS-R protein level changes reinforce the idea 

that the sharing o f  common post-receptor signalling pathway (i.e., PKC) is very 

likely the reason that sGnRH and cGnRH-II did not have any significant effect on 

gGRLN 19-induced GH or LH release. How GnRH-induced élévation in pituitary 

GHS-R-like protein expression is unknown and requires further study but the two 

GnRHs are known to utilize similar, as well as non-identical, signal transduction 

cascades in both goldfish somatotropes and gonadotropes (reviewed in Chapter 

1).

The faint lower molecular size band that can sometimes be seen may 

represent the presence o f  an alternate gGHS-R isoform. Given that there are two 

isoforms o f each subtype in the cDNA analysis (Chapter 3), this is not too 

surprising.
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Further work would need to be done to confirm that changes observed 

here are statistically signifïcant and to examine membrane-bound GHS-R protein 

levels compared to total amounts. Although changes in GRLN and G H S-Rla  

mRNA in response to obestatin and GRLN treatment have been recently 

examined [ 1 0 ], this work represents the first time that the effects o f other 

neuroendocrine factors (sGnRH, cGnRH-II, PACAP, DA and gGRLN 19) and 

changes in GHS-R protein levels have been examined. Thus these preliminary 

results add to our understanding o f  how gGRLN action at the level o f  the goldfish 

pituitary can be modulated, as well as the overall complexity o f  neuroendocrine 

régulation o f  pituitary hormone release, in général.
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Fig. A. 1. Expression o f GHS-R-like protein in goldfish pituitary fragments following 4-h 
treatment with various neuroendocrine regulators. Following SDS-PAGE electrophoresis, GHS- 
R-like protein was detected using anti-rat GHS-Rla antibody, followed by ECL conjugated 
secondary antibody and visualization with autoradiography (A). Bands were quantified using 
Image J software, normalized to p-actin levels, and then represented as a ratio of media only 
Controls for comparison (B).
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